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ABSTRACT

Understanding the genetic basis of speciation is of fundamental importance to evolutionary
biology and hybrid zones offer unique natural laboratories in which to investigate the ecological
and evolutionary processes important in creating and maintaining biological diversity. By
comparing introgression patterns of different loci, researchers can begin to identify genetic
regions that contribute to reproductive isolation between hybridizing taxa. In taxa, like birds,
with heterogametic females, Haldane’s rule predicts that mtDNA and z-linked loci will
introgress less than autosomal loci. I tested this prediction using the hybrid zone between
Passerina cyanea (Indigo Bunting) and Passerina amoena (Lazuli Bunting), two species that
hybridize where their breeding ranges overlap in the Great Plains of North America. Although a
recent mtDNA-based phylogenetic hypothesis of the genus Passerina suggested these two
species are not sister taxa, I found, using DNA sequence data from ten nuclear loci, that they are
more closely related to each other than either is to P. caerulea (the mtDNA sister to P. ameona).
Both cline-based and coalescent-based analyses of mtDNA (two genes), z-linked (two
loci), and autosomal (four) loci indicated a reduction in introgression of both mtDNA and zlinked loci, relative to autosomal loci. These patterns, consistent with the predictions of
Haldane’s rule, suggested the sex-chromosomes may play a large role in reproductive isolation
between P. cyanea and P. amoena. Using DNA sequence data from an additional eight z-linked
loci, I explored patterns of differential introgression of ten z-linked loci. Introgression of one zlinked locus, VLDLR9, was significantly less than introgression of the other nine loci, pointing
to a candidate region for reproductive isolation between P. cyanea and P. amoena. Interestingly,
VLDLR9 is an intron of the very-low density lipoprotein receptor, which plays an active role in
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egg laying. Additionally, in a particular strain of chickens, a point mutation in the VLDLR gene
produces females that do not lay eggs. While my data are insufficient to adequately address the
role VLDLR may play in maintaining reproductive isolation between P. cyanea and P. amoena,
the hypothesis that female buntings may have trouble laying eggs warrants further investigation.
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CHAPTER 1: INTRODUCTION
Hybrid zones offer unique opportunities to investigate the evolutionary processes important in
creating and maintaining biological diversity (Hewitt 1988; Harrison 1990; Arnold 1997;
Rieseberg and Carney 1998; Jiggins and Mallet 2000; Mallet 2005). Since Haldane (1948) first
outlined the mathematical framework that became the basis for modern cline analyses (Endler
1977; Szymura and Barton 1986; Szymura and Barton 1991), researchers have developed
powerful analytical tools that glean information about the speciation process from hybrid zone
structure. In particular, hybrid zones can serve as natural laboratories within which researchers
can investigate the genetic basis of speciation.
This dissertation explores the genetic basis of speciation in an avian system by examining
the evolutionary history of and hybridization between two closely related species of birds,
Passerina cyanea (Indigo Bunting) and Passerina amoena (Lazuli Bunting).
Passerina Buntings
The genus Passerina (Aves: Cardinalidae) has been traditionally composed of six species of
small (13 – 20 g), sexually dichromatic songbirds. The collective breeding ranges of these
species encompass most of Mexico, the United States and southern Canada. Within Passerina, P.
cyanea and P. amoena have typically been considered sister species because of their
morphological similarity and because they form a hybrid zone where their breeding distributions
overlap in the western Great Plains and eastern foothills of the Rocky Mountains of North
America (Sibley and Short 1959; Emlen et al. 1975; Kroodsma 1975; Baker and Baker 1990;
Baker 1991; Baker and Johnson 1998).
The Passerina bunting hybrid zone (Figure 1.1) is one of many hybrid zones clustered in
a ‘suture zone’ (Remington 1968) located near the junction between the western edge of the
Great Plains and the eastern foothills of the Rocky Mountains (Swenson and Howard 2004,
1

2005). Although a diversity of taxa, including plants (Gaylord et al. 1996; Floate et al. 1997;
Howard et al. 1997), insects (Porter 1989), reptiles (Walker et al. 1990), and amphibians (Sattler
1985; Simovich and Sassaman 1986), have contact zones in the same geographical location, the
clustering of avian hybrid zones in the Northern Rocky Mountain zone is particularly striking.
Besides Passerina buntings, the distributions of 13 pairs of avian taxa meet in the Great Plains
and form ten additional hybrid zones (Rising 1983a), including the familiar hybrid zones
between subspecies of Colaptes auratus (Moore and Buchanan 1985; Moore and Koenig 1986;
Grudzien et al. 1987; Moore 1987; Moore et al. 1991) and between Icterus galbula and I.
bullockii (Sibley and Short 1964; Rising 1970; Misra and Short 1974; Rising 1983b, 1996).
The degree of hybridization between P. cyanea and P. amoena and the extent of
introgression between them is controversial. Based on morphological data, Sibley and Short
(1959) reported widespread hybridization, whereas two other studies reported much lower levels
(Emlen et al. 1975; Kroodsma 1975). These studies also differed in their estimates of the level of
introgression. Kroodsma (1975) speculated that introgression from P. cyanea to P. amoena was
relatively high and that introgression from P. amoena to P. cyanea was much lower. In contrast,
Emlen et al. (1975) suggested that introgression in either direction was minimal.
Although most research on the Passerina bunting hybrid zone has focused on the contact zone in
the Great Plains, a westward expansion in the breeding range of P. cyanea may also be playing a
role in changing the hybrid zone structure between these two species. Breeding Bird Survey data
show a 47% increase in population densities of P. cyanea in eastern and central North America
over the past 50 years (Payne 1992). Furthermore, reports of territorial P. cyanea males in the
breeding season have been increasing in western North America since the 1960s, and established
local breeding populations are found in California, Arizona, and Utah (Payne 1992; Greene et al.
1996). The P. cyanea expansion might lead to a situation analogous to that observed in
2

Figure 1.1 Principal breeding distributions of Passerina cyanea and P. amoena. Digital maps
(Ridgely et al. 2003) for each species were downloaded from NatureServe (2006) and modified.
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Vermivora pinus and V. chrysoptera, in which expanding V. pinus populations may be
hybridizing V. chrysoptera to extinction (Gill 1997; Shapiro et al. 2004; Dabrowski et al. 2005).
Behavioral studies conducted in the late 1980s and early 1990s provided important clues
into the dynamics of the Passerina bunting hybrid zone. Based on experiments with captive
individuals, Baker (1991) showed that P. amoena and P. cyanea males from sympatric
populations respond antagonistically to each other’s songs. Other studies demonstrated that
sympatric females give more copulation solicitation displays when exposed to conspecific male
traits than when exposed to heterospecific male traits (Baker and Baker 1990; Baker 1996).
Intensive field-work suggests male plumage may be a better, than song, predictor of conspecific
versus heterospecific status when females are choosing mates (Baker and Boylan 1999). Because
male buntings are able to alter their song phrases from one breeding season to the next (Payne
1981), females may opt to rely on male plumage patterns, as they are likely to be less plastic than
song characteristics. Field research also provided some support for selection against hybrids.
Pairings that involved at least one hybrid individual (either the male or female, there were no
instances in which both sexes were hybrids) resulted in fewer nestlings and fledglings when
compared to pairings involving non-hybrid individuals (Baker and Boylan 1999).
Chapter Summaries
Although the Passerina hybrid zone serves as the central theme of this dissertation, the complex
nature of the hybrid zone itself, evident in the findings of previous studies, requires an
investigation that encompasses more than just the hybrid zone. The four main aspects of this
investigation are outlined below briefly.
Traditionally, there have been two primary methods for using hybrids to study the
genetics of speciation. The first involves transmission genetics experiments in which laboratory
crosses between closely related taxa are used to pinpoint genetic regions involved in
4

reproductive isolation. This method is largely restricted to model organisms that can be
maintained and crossed easily under laboratory conditions (Ting et al. 1998; Sawamura et al.
2000; Presgraves 2003; Presgraves et al. 2003; Tao and Hartl 2003). The second method, which
is used more often in studies of non-model systems, is to analyze statistically patterns of genetic
introgression across natural hybrid zones that have formed between taxa that are not completely
reproductively isolated (Endler 1977; Harrison 1990; Barton 2001). Chromosomal regions with
patterns of reduced introgression are interpreted to contain, or to be physically or epstatically
linked to, genes that are important in the formation and maintenance of reproductive isolation.
More recently, a third type of method has been developed in which coalescent theory is
used to estimate population genetic parameters such as effective population size, divergence
time, and gene flow (Hey and Nielsen 2004; Hey 2005; Putnam et al. 2007). These parameters
can be used to infer the evolutionary history of different genetic regions with an emphasis on
uncovering loci that may play a large role in reproductive isolation. It is well understood that
coalescent estimates of population genetic parameters (e.g. effective population size) are often
estimated with large errors when calculated from single-locus datasets (Edwards and Beerli
2000; Rosenberg and Nordborg 2002). With the development of analytical methods for multiplelocus parameter estimation and the relative ease of collecting large amounts of sequence data,
researchers with limited resources are concerned increasingly with how much data are required
to estimate accurately the parameters of interest (Felsenstein 2006). In the second chapter of my
dissertation I use simulated data to investigate the question of how much data are necessary to
precisely estimate population genetic parameters. Given finite time and financial resources there
is still a need to develop a robust sampling strategy of both individuals and genetic loci. My
second chapter takes a step in that direction by exploring the ability of a coalescent-based
method to estimate θ, which is a measure of population genetic diversity, from simulated
5

datasets that partition a given sequencing effort among sampling strategies that differ in the
number of loci sampled and the length, in base pairs, of those loci.
In Chapter 3, I address a recent mitochondrial DNA-based phylogeny of the genus
Passerina that suggested P. cyanea and P. amoena are not sister taxa (Klicka et al. 2001).
Instead, the mitochondrial phylogenetic hypothesis supported a sister relationship between P.
amoena and P. caerulea, and placed P. cyanea as the most basal member of the genus. Since this
result is in striking contrast with the traditionally accepted sister relationship between P. amoena
and P. cyanea, I reevaluated the phylogenetic relationships of these species using DNA sequence
data from multiple nuclear loci. In Chapter 3, I report the finding that P. cyanea and P. amoena
are more closely related to each other than either is to P. caerulea, supporting the traditional
taxonomy. This chapter highlights the problem of inferring phylogenies from single-locus
datasets, and investigates the utility of different analytical techniques to infer the speciational
history of closely related taxa.
The next aspect of my dissertation, Chapter 4, tests a hypothesis related to the differential
introgression of mtDNA, nuclear autosomal and sex-chromosome linked markers across the
Passerina hybrid zone to begin to explore the relative roles of these different marker classes on
speciation. Based on theoretical (Haldane 1922; Charlesworth et al. 1987) and empirical research
in other systems (e.g. Tucker et al. 1992; True et al. 1996; Tao et al. 2003; Putnam et al. 2007), I
predicted that mtDNA and z-linked loci will introgress across the Passerina hybrid zone less
than autosomal loci. In this chapter I also explored the utility of integrating cline-based and
coalescent-based analyses of multi-locus data sets to test the above predictions. The data
supported these predictions; average cline widths for z-linked and mtDNA markers were
significantly narrower than for autosomal markers.
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In light of the results from Chapter 4, a more in-depth investigation of introgression of
loci distributed along the z-chromosome was undertaken. Chapter 5, the final empirical portion
of my dissertation, uses DNA sequence data from 10 z-linked loci and represents a more finescale genetic dissection of introgression along a single-chromosome. I attempt to find those
genetic regions that are most likely to contain or be near genes directly involved in maintaining
reproductive isolation between P. cyanea and P. amoena. Not surprisingly, different
introgression patterns emerge when different loci are compared, leading the way for further
investigations of the genes important in preventing fusion between these closely related species.
The concluding of the dissertation chapter summarizes the empirical results and places
the overall findings in the larger context of avian speciation genetics in particular and speciation
genetics in general.
In sum, this dissertation investigates an avian hybrid zone from a genetic perspective with
the goal of identifying patterns of differential introgression across broad genomic levels. The
scale, in terms of geographic breadth of sampling and genomic coverage, of this research is
greater than anything published in avian systems to date and will engender new studies on
speciation genetics in birds.
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CHAPTER 2: GENE SAMPLING STRATEGIES FOR MULTI-LOCUS POPULATION
ESTIMATES OF GENETIC DIVERSITY (θ )*
Coalescent theory, placed in a maximum-likelihood framework, allows researchers to explicitly
test hypotheses concerning the processes that shape patterns of genetic variation in natural
populations (Fu and Li 1999). Catalyzed by automated sequencing technologies as well as the
availability of universal PCR primers (a direct benefit of genome projects), population genetic
studies of natural populations have recently experienced a large-scale shift from single-locus
investigations of cytoplasmic markers (e.g. mitochondrial, chloroplast) to multi-locus studies of
autosomal and sex-linked loci. Although single-locus cytoplasmic gene trees are expected to
outperform nuclear gene trees in some instances (Moore 1995, 1997), the statistical confidence
of the inferences drawn from such trees is limited (Ford 1998; Congdon et al. 2000; Zhang and
Hewitt 2003). Consequently, the recombining histories of multiple nuclear loci are being used
increasingly in empirical estimates of population genetic parameters (Emerson et al. 2001; Hare
2001; Knowles and Maddison 2002).
It is well understood that coalescent estimates of population genetic parameters (e.g.
effective population size, recombination rates) are often estimated with large errors when
calculated from single-locus datasets (Edwards and Beerli 2000; Rosenberg and Nordborg 2002).
Simulation studies have demonstrated that the error rates associated with such parameter
estimations can be reduced by analyzing data from multiple independent loci (Wakeley and Hey
1997; Kuhner et al. 2000). Statistically, adding additional loci corresponds to gaining
independent replicates of the underlying evolutionary processes (Pluzhnikov and Donnelly
1996). Additionally, in some situations, greater precision of a population genetic parameter
estimate can be achieved by sampling both shared polymorphisms and fixed differences between
*

Reprinted by permission of PLoS ONE
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two populations, which can only be observed by sampling loci that have different genealogies
(e.g. Wakeley and Hey 1997). Multiple loci are also required in some methods for estimating the
effective population size of ancestral populations (Takahata et al. 1995; Yang 1997).
With the development of analytical methods for multiple-locus parameter estimation and
the relative ease of collecting large amounts of sequence data, researchers with limited resources
are concerned increasingly with how much data is required to estimate the parameters of interest
accurately (Felsenstein 2006). If more loci are better, as previous work has alluded to (Kuhner et
al. 2000; Nielsen 2000), how many loci are needed and how many base pairs from each locus?
Until an analytical solution to this question is developed, simulated data can provide insights into
whether, given a fixed amount of sequencing effort, it is preferable to increase the number of loci
or the sequence length of individual loci. Theory suggests that the number of independently
segregating loci is crucial to the accurate estimation of the population genetic parameter θ
(4Neµ) (Pluzhnikov and Donnelly 1996; Felsenstein 2006), which is usually interpreted as a
scaled measure of the neutral mutation rate per site or as the proportion of polymorphic sites in a
population (Watterson 1975).
Our primary motivation was to investigate the accuracy and precision of estimates of θ,
using a coalescent-based analytical method, across simulated datasets which vary in both the
number of loci and the total number of base pairs sequenced per individual (e.g. 10 kb sequence /
individual at one locus or distributed evenly among 10 loci). Whereas previous work in this area
has focused primarily on making theoretical predictions of optimal sampling strategies
(Pluzhnikov and Donnelly 1996; Felsenstein 2006), our work uses extensive data simulations,
over a broad range of both number of loci sampled and total sequence length sampled, to explore
the validity of those predictions.
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MATERIALS AND METHODS
Simulated Data
For three different per-site values of θ (0.1, 0.01, 0.001), we simulated DNA sequence data using
Treevolve version 1.3 (Grassly et al. 1999) according to scenarios that varied in both total
amount of sequence per individual, as well as in the number of loci. Treevolve simulates DNA
sequence evolution under a coalescent model. Although Treevolve can simulate sequences under
a variety of population dynamic models, our data were simulated under a simple model with no
selection, no intra-locus recombination, no population subdivision, and no migration. A
population sample size of 10, which corresponds to phased nuclear haplotype data from five
diploid individuals, was used in all simulations. We adjusted the Treevolve input parameters as
follows: sequence length (varied according to scenario, see Table 2.1); mutation rate (1 x 10-6
for θ = 0.1; 1 x 10-7 for θ = 0.01, 0.001); number of loci sampled per individual (varied
according to scenario, see Table 2.1); ploidy (haploid); generation time/variance in offspring
number (1.0, corresponds to Wright-Fisher reproduction of non-overlapping generations and
sampling with replacement); length of period (1 x 1012 upper limit on coalescent time, our value
ensures all simulated sequences coalesce); population size (25000 for θ = 0.1, 0.01; 2500 for θ =
0.001); subdivision (1, corresponds to no population subdivision); and recombination (0.0).
Sequences were simulated under the Felsenstein ’84 (Felsenstein and Churchill 1996) model of
sequence evolution, with a transition/transversion ratio of 2.0 to model a moderate transition
bias.
By manipulating the user-defined mutation rate and population size, we were able to
simulate sequences under known values of θ. With θ = 0.1 (µ = 1 x 10-6, Ne = 25000), we first
simulated 100 replicate datasets, each containing 10 single-locus DNA sequences 0.5 kb in
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length. Keeping θ = 0.1, we then simulated 100 more datasets that differed from the first datasets
only in the length of each DNA sequence, which was increased to 1 kb. Next, 100 datasets were
generated that contained DNA sequences from two unlinked loci, each 0.5 kb in length, sampled
from 10 individuals. In these datasets the amount of DNA sequence per individual was equal to
the previous datasets (1 kb), but was partitioned into two independent (i.e. no intra-genic
recombination, but free inter-genic recombination) loci instead of being sampled from a single
locus. In this way, we generated 100 replicates of datasets which varied in total DNA sequence
length per individual from 0.5 kb to 100 kb, and the number of equal-length loci from which the
sequences were sampled: 1 to 100 (15 total datasets, Table 2.1). We repeated the simulations
with θ = 0.01 (µ = 1 x 10-7, Ne = 25000; Table 2.1). The same 15 scenarios, plus three additional
ones (25 kb per individual divided among five equal length loci, 50 kb among 10 loci, 100 kb
among 20 loci), were simulated with θ = 0.001 (µ = 1 x 10-7, Ne = 2500; Table 2.1). Output files
were manipulated into the input format required by MIGRATE (see below) using a Perl script we
wrote. We chose the values of θ to span the extremes of variation observed in natural populations
(Crawford 2003; Llopert et al. 2005; Saillant et al. 2005; Strasburg and Kearney 2005).
Calculations and Analyses
A number of software packages and analytical methods are available for estimating θ, such as
such as SITES (Wakeley and Hey 1997), Arlequin (Excoffier et al. 2005), GeneTree (Page
1998), and BEAST (Drummond and Rambaut 2003). Because methods that incorporate
phylogenetic structure into the parameter estimation procedure have been demonstrated to have
less bias (Felsenstein 1992; Fu and Li 1993a, 1999), we calculated θ using the coalescent
framework implemented in MIGRATE version 1.7.5 (Beerli and Felsenstein 1999), but our results
should be applicable to other methods of θ estimation. Using Markov chain Monte Carlo
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Table 2.1 Simulation conditions and summary statistics for θ calculations.
Base pairs
(kb)a
Nb
Mean
SDc
(CV)2d
Accuracye
Accuracyf
θ = 0.1
0.5
1
0.10446
0.03430
0.10780
9.37032
8.19992
1
1
0.10340
0.03479
0.11322
8.92154
8.57662
1
2
0.09866
0.02533
0.06590
15.32828
16.39984
5
1
0.10230
0.03762
0.13522
7.47025
8.91112
5
5
0.09913
0.01573
0.02516
40.13992
42.88309
10
1
0.09740
0.03063
0.09888
10.21524
8.95528
10
2
0.09924
0.02048
0.04257
23.72742
17.82225
10
10
0.10206
0.01062
0.01082
93.32927
85.76617
10
20
0.09961
0.00753
0.00572
176.61691
163.99841
25
1
0.10388
0.03405
0.10745
9.40103
8.98205
25
25
0.10039
0.00682
0.00461
219.16537
214.41543
50
1
0.09952
0.03030
0.09268
10.89851
8.99101
50
50
0.10009
0.00459
0.00210
480.59756
428.83086
100
1
0.10217
0.03251
0.10127
9.97439
8.99550
100
100
0.10008
0.00309
0.00095
1062.89199
857.66172
θ = 0.01
0.5
1
0.01024
0.00458
0.19997
5.05132
4.84114
1
1
0.01033
0.00413
0.15965
6.32706
6.18771
1
2
0.01032
0.00368
0.12740
7.92880
9.68229
5
1
0.00992
0.00346
0.12195
8.28258
8.19992
5
5
0.00981
0.00174
0.03132
32.24705
30.93857
10
1
0.01006
0.00326
0.10510
9.61111
8.57662
10
2
0.00990
0.00229
0.05356
18.85885
16.39984
10
10
0.01006
0.00116
0.01324
76.32032
61.87714
10
20
0.00983
0.00100
0.01029
98.19435
96.82290
25
1
0.01000
0.00295
0.08720
11.58395
8.82443
25
25
0.00998
0.00070
0.00489
206.70923
154.69285
50
1
0.01011
0.00361
0.12779
7.90437
8.91112
50
50
0.01003
0.00053
0.00284
355.14088
309.38570
100
1
0.01019
0.00319
0.09775
10.33373
8.95528
100
100
0.01009
0.00034
0.00111
911.30927
618.77140
θ = 0.001
0.5
1
0.00099
0.00087
0.76699
1.31696
1.13326
1
1
0.00100
0.00068
0.47277
2.13656
1.92897
1
2
0.00084*
0.00073
0.75814
1.32443
2.26651
5
1
0.00099
0.00039
0.15853
6.37159
4.84114
5
5
0.0008*
0.00043
0.28908
3.45982
9.64484
10
1
0.00096
0.00038
0.15398
6.56014
6.18771
10
2
0.00099
0.00032
0.10329
9.77894
9.68229
10
10
0.00071*
0.00032
0.20148
5.07397
19.28968
10
20
0.00039*
0.00015
0.15354
6.70372
22.66511
25
1
0.00103
0.00036
0.11944
8.45688
7.55630
25
5
0.00100
0.00018
0.03099
32.59571
24.20572
25
25
0.00072*
0.00023
0.09932
10.12236
48.22421
50
1
0.00102
0.00033
0.10501
9.61915
8.19992
50
10
0.00099
0.00014
0.02117
47.71601
48.41145
50
50
0.00072*
0.00016
0.04798
20.77620
96.44841
100
1
0.00099
0.00030
0.09159
11.02908
8.57662
100
20
0.00101
0.00010
0.01026
98.40558
96.82290
100
100
0.00069*
0.00011
0.02685
37.32792
192.89683
a
Total number of base pairs sampled per individual
b
N, number of equal length loci the sampled base pairs were partitioned into
c
SD, standard deviation
d
CV , coefficient of variation = standard deviation / mean
e
Accuracy = mean2 / variance
f
Accuracy = predicted value based on Felsenstein's (2006) modification of Fu and Li's (1993b) estimator
* P < 0.05, mean estimates of θ are less than true value (0.001)
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Min.

Max.

0.03355
0.03768
0.05461
0.04109
0.06993
0.03764
0.05205
0.07593
0.08268
0.05233
0.08455
0.04395
0.08838
0.05343
0.09416

0.18634
0.22603
0.18858
0.21550
0.13707
0.20748
0.14940
0.14100
0.11965
0.21848
0.11310
0.20070
0.11059
0.21563
0.10920

0.00058
0.00291
0.00379
0.00429
0.00602
0.00349
0.00553
0.00749
0.00775
0.00414
0.00829
0.00406
0.00885
0.00396
0.00914

0.02244
0.02058
0.02041
0.02280
0.01647
0.02080
0.01643
0.01446
0.01220
0.01999
0.01165
0.02223
0.01179
0.02198
0.01088

0.00001
0.00002
0.00001
0.00014
0.00008
0.00021
0.00035
0.00014
0.00019
0.00034
0.00058
0.00024
0.00035
0.00072
0.00037
0.00047
0.00075
0.00042

0.00360
0.00292
0.00289
0.00200
0.00185
0.00250
0.00190
0.00145
0.00113
0.00179
0.00149
0.00131
0.00218
0.00138
0.00107
0.00221
0.00131
0.00100

(MCMC) methods to approximate the likelihood distribution, MIGRATE calculates maximum
likelihood estimates of population parameters under a coalescent framework. After discarding
the first 10000 genealogies in each chain as “burn-in”, we sampled every 20 genealogies for both
the 10 short chains (1000 total genealogies sampled), and the three long chains (10000 total
genealogies sampled). We set the transition/transversion ratio at 2.0; other parameters were left
at their default settings.
To test for bias in the parameter estimates we investigated whether any mean value of θ
differed from the mean values for other scenarios within a given simulated value of θ. Statistical
analyses were performed using SAS version 9.0 (SAS Institute Inc., Cary, NC 2002). We used
the Tukey multiple comparison adjustment to test all pairwise combinations (Sokal and Rohlf
1995).
RESULTS
Number of Loci
As predicted by theory (Pluzhnikov and Donnelly 1996; Beerli and Felsenstein) and
demonstrated in previous analyses of simulated data (Kuhner et al. 1995; Felsenstein 2006),
estimates of θ were greatly improved by increasing the number of loci sequenced per individual
(Figure 2.1). The accuracy, measured as the square of the mean estimate divided by the variance
of the estimate, increased proportionately with the number of sampled loci (Figure 2.1A) and
concomitantly, the square of the coefficient of variation (standard deviation / mean) decreased
considerably over the same sampling regime (Figure 2.1B). For a given value of θ, sampling
additional loci always increased the accuracy and decreased the coefficient of variation (Table
2.1). Further, our calculations of accuracy were largely congruent with theoretical predictions of
accuracy calculated using Felsenstein’s (2006) modification of formulas developed by Fu and Li
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Figure 2.1 Influence of increasing the number of loci sampled per individual on the coalescent
estimates of θ (0.1, 0.01, 0.001): A) improvement in accuracy (mean2/variance), loci sampled are
1 kb in length; B) improvement in squared coefficient of variation ((standard deviation/mean)2),
loci sampled are 1 kb in length; C) accuracy, loci sampled are 5 kb in length, θ = 0.001 (see
text); D) squared coefficient of variation, loci are 5 kb in length (see text).
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(1993b). Discrepancies between our calculated accuracies and the predicted accuracy values
arose when MIGRATE produced biased estimates of θ (see below).
In terms of further decreasing the squared coefficient of variation, little additional
improvement was gained by sampling more than 25 loci (Figure 2.1B). For example, when θ =
0.01, the total improvement in the coalescent estimate, measured by subtracting the squared
coefficient of variation for the 100 loci scenario (0.00111) from the squared coefficient of
variation for the 1 locus scenario (0.15965) was 0.15854. Roughly 81% of the improvement was
accounted for by increasing the number of loci sampled from 1 to 5, and nearly 98% of the
improvement could be explained by increasing the number of sampled loci from 1 to 25; adding
the last 75 loci accounted for less than 3% of the total improvement in the squared coefficient of
variation. As in accuracy (above), the decrease in the squared coefficients of variation was as
predicted by theory (Felsenstein 2006). Similar results were obtained when θ = 0.1.
Approximately 78% of the total improvement could be explained by increasing the number of
sampled loci from 1 to 5 and nearly 97% was accounted for by increasing the number of loci
sampled from 1 to 25.
Although increasing the number of sampled loci improved accuracy and decreased the
squared coefficient of variation when θ = 0.001, the means of the estimates decreased (see
below), precluding calculations of the improvement gained by sampling additional loci. In
contrast to increasing the number of loci sampled, increasing the length of sequence at a
particular locus had relatively little impact on improving the accuracy associated with estimating
θ, except when the known value of θ was small (Figure 2.2). Increasing the length of sequence
from 0.5 kb to 100 kb resulted in a total improvement in the estimate accuracy of 5.2824, when θ
= 0.01, which is less than 0.6% of the total improvement in accuracy gained by increasing the
number of 1 kb loci from one to 100. More dramatically, when the known value of θ was 0.001,
15

Figure 2.2 Influence on increasing the sequence length of a single sampled locus on A)
accuracy (mean2/variance) of the coalescent estimates of θ (0.1, 0.01, 0.001); B) squared
coefficient of variation ((standard deviation/mean)2).
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point estimates calculated from 1 kb of sequence from a single locus were anywhere from 1.71
(min / 0.001 x 100) to 291.3% (max / 0.001 x 100) of the actual value (Table 2.1). These results
demonstrate that parameter estimates based on single-locus population genetic data have large
deviations regardless of sequence length or true value of the parameter of interest.
On average, across 100 replicate datasets, MIGRATE performed well at recovering the
known value of θ (Table 2.1). However, MIGRATE produced biased estimates of θ when the
known parameter value was small (0.001). The mean values of θ under some scenarios were
significantly less than the true value of 0.001 (one-way ANOVA, P < 0.05, Table 2.1). The
downward bias resulted from the lack of information (i.e. polymorphic sites) available when the
known value of θ was small (0.001 here), especially when the length of the sequence was less
than 1 kb. With little information at each locus, the likelihood surfaces were very flat, leading to
poor estimates of θ (Felsenstein 2006). We addressed this problem by increasing the per-locus
sequence length to 5 kb (Figures 2.1C and 2.1D), such that we generated additional datasets,
which had 25 kb of sequence divided among five loci of 5 kb each, 50 kb divided equally among
10 loci, and 100 kb divided equally among 20 loci. Increasing the per-locus sequence length
eliminated the downward bias (Table 2.1), and also increased the accuracy of the parameter
calculations when compared to the values obtained for shorter sequence lengths (contrast Figures
2.1A and 2.1B with Figures 2.1C and 2.1D). Since the simulations were not extended to include
datasets containing 50 and 100 loci, each 5 kb in length for θ = 0.001, we did not investigate the
improvement gained by adding loci.
DISCUSSION
Our simulations demonstrated clearly the utility of multi-locus datasets in estimating population
genetic parameters under a coalescent framework, validating a key component of theoretical
investigations of optimal sampling strategies (Pluzhnikov and Donnelly 1996; Edwards and
17

Beerli 2000). An important consideration is that there are two sources of error that contribute to
the variance in coalescent-based parameter estimates, error associated with calculating the
probability of the genealogy and error associated with calculating the probability of the
coalescent. MIGRATE and other coalescent-based software packages attempt to marginalize the
effects of the genealogical error.
The number of loci is crucial to reducing the coefficient of variation, even more so than
increasing the length of the sequence at any one locus (Figures 2.1 and 2.2). In our data, the most
reliable way to reduce the variation in the parameter estimates was to increase the number of loci
sequenced per individual. Previous work has mentioned this issue (e.g. Felsenstein 2006), but
our results provide additional insights into how the precision of parameter estimation varies with
the amount of genetic information available.
Other investigations into the optimal sampling strategy for coalescent-based estimates of
population genetic parameters have used a fixed-cost approach (Pluzhnikov and Donnelly 1996).
In general, they sought to identify the ratio of individuals, number of loci, and per-locus
sequence length that would maximize the accuracy of the estimate. Since they operated under a
fixed-cost model, there are trade-offs; for example, an increase in the number of individuals
sampled necessitated a decrease the in the number of loci sampled. One important conclusion of
the pioneering theoretical work by Pluzhnikov and Donnelly (1996) was that to increase
precision one should always choose to move to an independent region rather than extend the
length of the current region. Felsenstein (2006) came to similar conclusions, and described the
optimal sampling strategy under a cost-per-base model as one in which large numbers of loci,
each a single base long, are employed. A more realistic cost-per-read model still advocates a
many-locus, few individual design, a result supported by our simulations. However, our
simulations focus attention on an important caveat to the many-locus sampling strategy – the loss
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of information at short loci (0.5 kb in our simulations) when θ is small (0.001 in our
simulations).
Under small values of θ (0.001 here), which are commonly observed in empirical data
(Hare et al. 2002; Primmer et al. 2002; Crawford 2003; Pogson and Fevolden 2003), the paucity
of informative sites in short sequences may introduce a downward bias in the estimates (Table
2.1). Examining the results from the simulated datasets where the total sequence data from each
individual was 10 kb reveals the magnitude of this problem. At large and moderate values of θ
(0.1 and 0.01), the accuracy of the estimates was highest when the 10 kb of sequence was
partitioned into 20 loci, each 0.5 kb in length (Table 2.1). In contrast, the most accurate sampling
strategy when θ = 0.001 was to sample only two loci, each 5 kb in length (Table 2.1). Further,
when θ was 0.001, the mean value of the estimates was 0.00039 when the data were partitioned
into 20 equal-length loci. This low estimate represents a statistically significant reduction of
~60% from the known value (Table 2.1). Note that theoretical predictions encourage sampling
more loci even at small values of θ; a 20 loci sampling strategy produced the highest predicted
accuracy for each value of θ when each individual was sequenced at 10 kb. At our smallest
simulated value of θ (0.001), the mean estimates of seven of the 18 datasets were significantly
smaller than the known value, a potential problem with the “more loci, shorter sequence” sample
design. The sampling scenarios that resulted in a biased estimate of θ were the same scenarios
for which our calculated accuracy values differ greatly from the predicted values (Table 2.1).
The predicted values are based on an unbiased coalescent estimator, which our data suggest is
not the case when θ was small. The downward bias in the coalescent estimates likely accounts
for the differences between our calculated accuracies and the predicted values. Increasing the
sequence length at each particular locus may alleviate the problem. In our simulations, none of
the datasets that contained loci 5 kb in length or longer showed the downward bias (Table 2.1).
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Further work is needed to investigate the minimum amount of sequence data per locus required
to ameliorate the problem. The problem of a downward bias is well documented (Beerli and
Felsenstein 1999; Felsenstein 2006), but it has not been emphasized in previous work of optimal
sampling strategies. The results of our study underscore the need to consider both the per locus
sequence length and number of sampled loci.
Accurate estimation of θ required data from at least 25 independently evolving loci.
Beyond this, there was little added benefit in terms of decreasing the squared coefficient of
variation of the coalescent estimates relative to the extra effort required to sample more loci.
Interestingly, a recent paper concluded that to accurately recover phylogenetic relationships with
maximum support, researchers should use at least 20 genes (Rokas et al. 2003), suggesting that
20 loci will not only provide a robust estimate of population genetic parameters, but also of
phylogeny. While sampling 25 loci will increase the statistical confidence in population genetic
parameters, researchers interested in comparing parameter estimates between taxa should remain
cautious in attributing biological significance to statistical differences (Hedrick 1999). These
differences might be small enough to render any corresponding biological differences irrelevant.
Our analyses were based on a large, panmictic population at equilibrium, and without
recombination or selection. Application of our results to empirical data must be considered in
light of the restrictive assumptions under which the data were simulated. Multi-locus empirical
datasets have many more sources of variation that would elevate the number of loci needed to
estimate θ accurately. Another important source of variation not considered here were the
theoretical limits of current coalescent methods to correctly infer population processes (Wakeley
2004).
The calculations based on the simulated datasets were focused on generating average,
multi-locus estimates of θ. Evolutionary forces (e.g. different mutation rates, levels of selection)
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whose impacts are heterogeneous across the genome further complicate the interpretation of
empirical estimates of θ measured from loci distributed across the genome (Nachman 1997;
Patterson et al. 2006). For example, genetic diversity and recombination are positively
correlated; genomic regions with high rates of recombination often show high nucleotide
diversity (Nachman 1997; Nachman et al. 1998; Lercher and Hurst 2002) and vice-versa (Begun
and Aquadro 1991; Berry et al. 1991), where selection typically reduces variation. Therefore,
differences in genome-wide recombination rates (Nachman 2001; Nachman 2002) could inflate
levels of variation at some loci, beyond what might be expected for neutrally evolving loci as
were sampled in our simulations.
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CHAPTER 3: INTEGRATING PHYLOGENETIC AND POPULATION GENETIC
ANALYSES OF MULTIPLE LOCI TO TEST SPECIES DIVERGENCE HYPOTHESES
IN PASSERINA BUNTINGS*
Inferring the species tree of recently diverged taxa can be a challenging exercise (Maddison
1997; Felsenstein 2004; Maddison and Knowles 2006). The difficulty arises in part because the
stochastic sorting of ancestral polymorphisms after speciation can result in gene trees that are
discordant with species trees (Pamilo and Nei 1988; Takahata 1989; Maddison 1997; Rosenberg
2002, 2003; Maddison and Knowles 2006). For recently diverged taxa that have not yet attained
complete reproductive isolation, gene flow introduces another source of discordance between the
gene trees and the species tree (Takahata and Slatkin 1990; Takahata 1995; Wakeley 1996;
Wakeley and Hey 1998). The impact of these processes on species tree reconstruction has long
been recognized (Gillespie and Langley 1979; Nei and Li 1979), but it is only recently that a
model-based phylogenetic framework has integrated one of them (ancestral sorting) into the
species tree inference. Because post-speciation, interspecific gene flow has yet to be incorporated
into a phylogenetic framework, non-phylogenetic methods must be used to infer species
relationships indirectly. Here, phylogenetic and divergence population genetic analyses of a
multilocus nuclear dataset are used to examine a controversial sister species relationship in
Passerina buntings.
Over most of its taxonomic history, the genus Passerina (Aves: Cardinalidae) has been
composed of six species of small (13 – 20 g), sexually dichromatic songbirds. The collective
breeding ranges of these species encompass most of Mexico, the United States and southern
Canada (Figure 3.1). Within the genus, P. cyanea and P. amoena have typically been considered
sister species because they are morphologically similar and form a well-known hybrid zone
where their breeding distributions overlap in the western Great Plains and eastern foothills of the
*

Reprinted by permission of Genetics
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Rocky Mountains in North America (Sibley and Short 1959; Emlen et al. 1975; Kroodsma 1975;
Baker and Baker 1990; Baker and Boylan 1999). While the monophyly of Passerina has never
been questioned (Hellack and Schnell 1997; Tamplin et al. 1993), there have been attempts to
subsume Guiraca caerulea and some species of the genus Cyanocompsa into the genus (Phillips
et al. 1964; Blake 1969; Mayr and Short 1970; Paynter 1970).
Klicka et al. (2001) addressed the evolutionary relationships of the traditional six-

Figure 3.1 Breeding distributions of Passerina amoena, P. cyanea and P. caerulea. Digital
maps (Ridgely et al. 2003) for each species were downloaded from NatureServe (2006).
member genus and closely related species, including G. caerulea and three Cyanocompsa
species, using 1143 basepairs of sequence data from the mitochondrial cytochrome b gene. An
unexpected result of the study was that P. amoena and P. cyanea, the two morphologically
similar species that form a hybrid zone in the Great Plains, were not sister species. Instead G.
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caerulea (hereafter, P. caerulea) was sister to P. amoena, a relationship that had never before
been hypothesized. P. cyanea was placed as the most basal member of the now seven member
genus. As expected, the three Cyanocompsa species fell outside of Passerina.
The branching structure of the mitochondrial tree and the demography of Passerina
buntings suggest that the unexpected P. amoena / P. caerulea sister relationship could reflect
discordance between the mitochondrial gene tree and the species tree. The internodes in the
mitochondrial phylogeny are short, possibly indicating rapid divergences, and the population
sizes for some of the species, including P. cyanea, P. amoena, and P. caerulea, are large – on the
order of tens of millions of individuals (Payne 1992; Greene et al. 1996). This combination of
short internodes and large population sizes is among the most difficult scenarios for inferring
phylogenies from single locus datasets given the elevated risk of discordance between a species
tree and its underlying gene trees (Figure 3.2). Using the calculation of Hein et al. (2005) for the
probability of species tree / gene tree discordance and realistic parameter estimates for Passerina
buntings, the probability of discordance is estimated to be as high as 55% (see Comparing
mtDNA and Nuclear DNA Signals in DISCUSSION).
Here, phylogenetic and divergence population genetics methods are used to test
speciational hypotheses in Passerina buntings, with special focus on the controversial sister
relationship uncovered by the mitochondrial study. Using the Passerina dataset, the utility of
combining phylogenetic and population genetic methods to uncover the evolutionary history of
closely related species where hybridization may complicate evolutionary history is examined.
Specifically, support for the following two alternative hypotheses was assessed:
Hypothesis 1: Passerina cyanea and P. amoena are more closely related to each other
than either is to P. caerulea. This is the traditional sister relationship.
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Hypothesis 2: Passerina amoena and P. caerulea are more closely related to each other
than either is to P. cyanea. This is the sister relationship found in the mitochondrial tree.
MATERIALS AND METHODS
Sampling, Amplification and Sequencing
From museum collections we obtained vouchered frozen tissue samples from two individuals of
each focal species, P. cyanea, P. amoena, and P. caerulea (see APPENDIX for sampling
localities). We also included one individual from two additional species: P. rositae and
Cyanocompsa cyanoides. Cyanocompsa cyanoides is a member of a genus closely related to
Passerina (Klicka et al. 2001) and was included here as an outgroup. We extracted total DNA
from ~25 mg of pectoral muscle using a DNeasy Tissue Kit (QIAGEN Inc., Valencia, CA),
following the manufacturer’s recommended protocol. Each individual was amplified at 10
nuclear loci (Table 3.1) using the following PCR conditions in a 25 µl amplification reaction:
~50 ng template DNA (2.5 µl of QIAGEN DNA extracts), 1 µl of 10 mM dNTPs (2.5 mM each
dATP, dTTP, dCTP, dGTP), 1 µl of each primer (10 mM, Table 3.1), 2.5 µl 10 X Buffer with
MgCl2 (15 mM), 0.1 µl Taq (5 U/µl AmpliTaq DNA Polymerase, Applied Biosystems Inc.,
Foster City, CA), and 16.9 µl sterile dH2O. The thermocycling profile was as follows: an initial
95° denaturation for 2 mins followed by 35 cycles consisting of a 30 sec, 95° denaturation step, a
30 sec, locus specific temperature primer annealing step (Table 3.1), and a 2 min, 72° extension
step, and a final extension of 5 mins at 72°. We checked for amplification by electrophoresing
2.5 µl of each PCR amplicon on a 1% agarose gel and then used 20% poly-ethylene glycol
(PEG) to purify the remaining 22.5 µl of the PCR product from successful amplifications.
Both strands of the PEG-purified PCR amplicons were cycle-sequenced using 1.5 µl of 5
X sequencing buffer (ABI), 1 µl of 10 mM primer, 2 – 3 µl template (depending on the intensity
of the PCR bands on the agarose gels), 0.5 µl Big Dye Terminator Cycle-Sequencing Kit v 3.1
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Figure 3.2 The probability a gene tree will be incongruent with a rooted three member species
tree as a function of the effective population size and the length of the internode in years.
Effective population sizes and internode lengths were chosen to bracket realistic values for
Passerina buntings.
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(ABI), and 1 – 2 µl sterile dH2O (depending on amount of template added), for a total volume of
7 µl. The longer loci were also cycle-sequenced with internal sequencing primers using the same
protocol (Table 3.1). We cleaned cycle-sequencing products on Sephadex (G-50 fine) columns
and electrophoresed the cleaned products on a 3100 Genetic Analyzer (ABI). In those cases
where direct sequencing of purified PCR amplicons revealed more than one heterozygous site
within a sequence, we phased the haplotypes by cloning the PCR products using the TA Topo
Cloning Kit according to the manufacturer’s instructions (Invitrogen Corp., Carlsbad, CA), and
sequencing five clones. All sequences were edited and assembled using Sequencher v 4.1 and 4.6
(GeneCodes Corp., Ann Arbor, MI).
Phylogenetic Analyses
Sequence alignments of all 10 nuclear loci were unambiguous and checked visually. In all
phylogenetic analyses, gaps were alternately classified as a fifth state or as missing data.
Phylogenetic analyses were conducted on a concatenated dataset since partition homogeneity
tests revealed no significant conflicts between the data from each of the individual loci. Tests for
recombination (see Population Genetic Analyses below) indicated that three loci (βact3,
MPLPR, and TGFβ2) had undergone recombination. Therefore, phylogenetic analyses were
conducted on both the entire concatenated dataset (5,232 base pairs) and on a reduced
concatenated dataset of sequence for βact3, MPLPR, and TGFβ2 (4,668 base pairs). Using
PAUP* v 4.0b10 (Posada and Crandall 1998) we estimated a neighbor-joining tree from the pdistance matrix and calculated likelihood scores on a series of nested substitution models. These
were then evaluated using ModelTest v 3.8 (Posada and Crandall 1998). Due to its advantages
over hierarchical likelihood ratio tests (Posada and Buckley 2004), we used the Bayesian
Information Criterion (BIC) to determine the best fit model of sequence evolution for the
concatenated dataset as well as for each locus independently (Table 3.2).
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Table 3.1 PCR conditions, sequence length, primer sequences, and EMBL/Genbank accession numbers for 10 nuclear loci used in
all analyses.
Locus

Annealing
Temp (°)

Length
(bp)a

AETC

60

299

PCR/Sequencing Primersb

Internal Seq Primersc

F: TGGACTTCAAATCCCCCGATGATCCCAGC

Accession Nos.

NA

EU191758-765

NA

EU191766-773

NA

EU191774-781

F: CTGGCTCCGGAAGGCRTAGAT

F: SGCRTAGAAGATGGTGATGTAGC

EU191782-789

R: AYGCCAGYGAGGGCAACCA

R: GTBGACCGCTACATCACCAT

R: CCAGGCACCCCAGTCTACCTGGTCAAA
βact3

62

423 (255)

F: GGCAATGAGAGGTTCAGGT
R: TGGTACCACCAGACAGCAC

GADPH

62

303

F: ACCTTTCATGCGGGTGCTGGCATTGC
R: CATCAAGTCCACAACACGGTTGCTGTA

MC1R
MPLPR

62.5
63.5

774
293 (144)

F: TACATCTACTTTAACACCTGGACCACCTG

NA

EU191790-797

NA

EU191798-805

NA

EU191806-813

R: TTGCAGATGGAGAGCAGGTTGGAGCC
Myo2

58

684

F: GCCACCAAGCACAAGATCCC
R: GCAAGGACCTTGATAATGACTT

ODC

65

609

F: GACTCCAAAGCAGTTTGTCGTCTCAGTGT
R: TCTTCAGAGCCAGGGAAGCCACCACCAAT

Rho1
TGFβ2

60
62

855
544 (283)

F: TGCTACATCGAGGGCTTCTT

F: GTGCCTAAAAATGTCCTCT

R: GCAGTGACCAGAGAGCGATT

R: GCTGGCATGGGGAGGAGAG

F: GAAGCGTGCTCTAGATGCTG

EU191814-821

NA

EU191822-829

NA

EU191830-837

R: AGGCAGCAATTATCCTGCAC
Tropo6

60

448

F: AATGGCTGCAGAGGATAA
R: TCCTCTTCAAGCTCAGCACA

a

Sequence lengths inside parentheses indicate length of longest independently segregating block.

b

PCR and external sequence primer references: AETC - PRIMMER et al. 2002; βact3 - B. MARKS, pers comm.; GADPH - PRIMMER et al. 2002; MC1R CHEVIRON et al. 2006; MPLPR - PRIMMER et al. 2002; Myo2 - HESLEWOOD et al. 1998 (For), SLADE et al. 1993 (Rev); ODC - PRIMMER et al. 2002; Rho1 PRIMMER et al. 2002; TGFβ2 - PRIMMER et al. 2002, Tropo6 - PRIMMER et al. 2002.
c

Internal sequencing primer references: MC1R - CHEVIRON et al. 2006; Rho1 - this study.
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To investigate species-level relationships between these taxa we conducted a variety of
phylogenetic analyses on the concatenated dataset using the model of sequence evolution
identified by ModelTest v 3.8. First, we analyzed an eight terminal taxa dataset comprised of
sequence data from either one (P. rositae and C. cyanoides) or two individual(s) per species (P.
cyanea, P. amoena, and P. caerulea) where double peaks in chromatograms were inferred to be
heterozygous sites and coded as polymorphisms using the standard IUPAC degeneracy codes.
Second, we analyzed a sixteen terminal taxa dataset that consisted of two phased haplotypes,
determined by sequencing cloned PCR products, from each individual for a total of four
sequences per species of P. cyanea, P. amoena, and P. caerulea, and two sequences per species
for P. rositae and C. cyanoides. These datasets of concatenated sequences will be referred to
hereafter as the eight terminal tip dataset and the sixteen terminal tip dataset.
Using parameters estimated on a neighbor-joining tree (Saitou and Nei 1987), we used
PAUP* v 4.0b10 (Swofford 1998) to perform heuristic searches (TBR branch swapping; ten
random-addition replicates) under the maximum-likelihood (ML) optimality criterion for both
the eight and sixteen terminal tip concatenated datasets. We assessed nodal support using 100
ML heuristic bootstrap replicates with the search parameters described above. We also
performed a variety of constrained ML searches (Table 3.3) on the eight and sixteen terminal tip
datasets using the sequence evolution model and search parameters, except without bootstrap
replicates, as described above. Using an SH test (Shimodaira and Hasegawa 1999) with full
optimization and 1000 bootstrap replicates, we assessed whether the likelihoods of the
unconstrained and constrained trees were significantly different.
We also assessed nodal support for the eight and sixteen terminal tip topologies using
posterior probabilities generated using MrBayes v 3.1.2 (Huelsenbeck and Ronquist 2001;
Ronquist and Huelsenbeck 2003). We used the same general model (GTR + I) as in the ML
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searches and uninformative priors, and ran two replicate analyses of four Markov Chains for
1,000,000 generations. Additionally, we ran a mixed model analysis using MrBayes in which the
eight terminal tip concatenated dataset was partitioned into the 10 individual loci, each partition
with the appropriate model of sequence evolution (Table 3.2). In both the one model and mixed
model searches, we sampled trees every 100 generations and calculated final posterior
probabilities after excluding the first 250000 generations as burn-in. Plots of likelihood scores
during the run were examined visually to insure stationarity had been reached. In all searches,
the average standard deviation of split frequencies was < 0.005, further evidence stationarity had
been reached.
Minimize Deep Coalescences Analyses
Because well supported species trees inferred from concatenated datasets can be discordant with
the true species tree, especially if the species divergence was recent (Degnan and Rosenberg
2006; Edwards et al. 2007; Kubatko and Degnan 2007), we inferred a species tree using a
method that considers the individual gene histories. Specifically, we assessed the fit of the gene
trees onto three possible rooted species trees for P. cyanea, P. amoena, and P. caerulea, using
the Minimize Deep Coalescences method as implemented in the program MESQUITE (Maddison
1997; Maddison and Knowles 2006). This method attempts to reconcile gene trees contained
within species trees by minimizing the number of deep coalescences, those cases where the
coalescence of two gene copies predates the speciation event. Using a parsimony optimality
criterion, the ‘best’ species tree is the one that requires the fewest deep coalescent events in
contained gene genealogies. The number of deep coalescent events, or costs, can be summed
across multiple markers to accommodate multilocus datasets. Using MESQUITE (Maddison and
Maddison 2004), we compared the fit of the genealogies from each locus into the possible
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Table 3.2 Summary of model parameters used in all phylogenetic analyses as determined by the
Bayesian Information Criterion (BIC) as implemented in ModelTest 3.8 (Posada and Crandall 1998).
Dataset
AETC
βact3

Model

Base frequenciesa

K80

equal

K80

equal

Rate Matrixb

Pinv

5.8 x 10

36

-

-

6.1 x 10

36

-

-

ti/tv ratio

GADPH

JC

equal

-

-

-

MC1R

F81

0.1533, 0.3795, 0.2348, 0.2304

-

-

-

MPLPR

F81

0.2097, 0.2600, 0.3476, 0.1827

-

-

-

Myo2

JC

equal

-

-

-

ODC

F81

0.2790, 0.1677, 0.2127, 0.3406

-

-

-

Rho1

JC

equal

-

-

-

TGFβ2

JC

equal

-

-

-

Tropo6

F81

0.1959, 0.2227, 0.1714, 0.4057

-

-

8 terminal taxac

K81uf+I

0.2231, 0.2429, 0.2462, 0.2876

-

16 terminal taxac

K81uf+I

0.2364, 0.2287, 0.2616, 0.2633

-

1.0, 4.424, 1.8284, 1.8284,
4,424, 1.0
1.0, 7.150, 2.243, 2.243,
7.150, 1.0

a

Order of base frequencies is: A, C, G, T

b

Order of rate matrix is: A to C, A to G, A to T, C to G, C to T, G to T

c

This datasets contain the concatenated sequences from all 10 loci
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0.9295
0.9307

species trees using methods slightly modified from the recently described method of Maddison
and Knowles (2006).
We used MrBayes v 3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck
2003) to sample the tree space of the gene trees for each locus independently, using completely
phased haplotypes and the same model parameters with uninformative priors as in the ML tree
searches and the same MrBayes run parameters as described above. After discarding the first
250000 generations as burn-in, we used PAUP* to calculate a majority rule consensus gene tree
from each locus-specific search. We then overlaid each unrooted locus-specific gene tree onto
the three possible species trees (Table 3.3) and tallied the number of deep coalescent events
required to reconcile the gene trees with the species trees. The total cost of each species tree was
determined by summing the locus-specific tallies (Table 3.4), with the species tree having the
lowest cost being inferred to be the correct species tree.
Calculating Probabilities of Gene Trees Given Possible Species Trees
Recent software developments give researchers increased ability to evaluate the variation in
lineage sorting among loci and how it influences phylogenetic inferences. The program COAL
(Degnan and Salter 2005), which extends earlier work (Takahata and Nei 1985; Rosenberg
2002), can calculate the probability of a gene tree given a species tree for any number of taxa.
This represents a significant step toward developing a method capable of estimating the
likelihood of sequence data given a species tree, which can be estimated as follows (Maddison
1997):

$ # [P(sequences | gene tree) " P(gene tree | species tree)]
loci gene
trees

The first probability statement is analogous to the log-likelihood scores generated by
! inference software packages such as PAUP* (Swofford 1998). The program COAL
phylogenetic
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Table 3.3 Likelihood scores for various topological constraints. Likelihood scores (lnL) were estimated using
a heuristic search (TBR branch swapping, 10 random addition replicates). Bold type indicates topology with
greatest likelihood. The constraint trees are also the species topologies used in the Minimize Deep
Coalescences Maddison and Knowles 2006) and COAL analyses (Degnan and Salter 2005).
(((Pam, Pcy), Pca), Pro, Ccy)b

(((Pam, Pca), Pcy), Pro, Ccy)

(((Pcy, Pca), Pam), Pro, Ccy)

8 terminal tip concatenatedc

-8148.9118

-8151.7215

-8155.0551

8 terminal tip concatenatedd

-7239.1485

-7240.0937

-7243.9608

Dataset

16 terminal tip concatenatedc
-9140.8436
-9142.4041
-9147.5444
a
Species name abbreviations: Pam = P. amoena, Pcy = P. cyanea, Pca = P. caerulea, Pro = P. rositae, Ccy = Cyanocompsa
cyanoides.
b

This was also the topology recovered in all the unconstrained searches, which also gave identical lnL scores.

c

These datasets included all sequence data from all loci.

d

This dataset included only the largest independently segregating block of sequence for those loci showing evidence of
recombination.
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can calculate the second probability statement. Unfortunately, complete evaluation of the above
equation is hampered because the summation step requires summing over all possible gene trees,
which includes both topology and branch lengths (Maddison 1997). Currently, no method is
capable of performing that summation because of the near infinite number of possible gene trees.
It will likely require a method that employs some type of importance sampling of the gene tree
space to effectively evaluate that step of the overall equation (J. Degnan, pers comm.).
In light of the current methodological limitations, we focused on calculating the
conditional probability of a gene tree given a species tree. Locus specific gene trees were
inferred in three ways. First, we randomly chose a single individual to represent P. amoena, P.
cyanea, and P. caerulea, which along with one individual from each outgroup taxon (P. rositae
and C. cyanoides), resulted in a dataset with five terminal tips. For each locus, we estimated a
gene tree under the maximum likelihood search criterion as described above and then used
COAL to calculate the probability of each ML gene tree given three possible species trees (Table
3.3) using COAL. ML inferences for Tropo6 produced > 100 equally likely gene trees and so we
eliminated Tropo6 from the COAL analysis.
We also inferred locus specific gene trees from the eight terminal tip dataset. Since
COAL requires fully resolved bifurcating gene trees and locus specific ML searches of this eight
terminal tip dataset produced numerous equally likely topologies with unresolved polytomies, we
inferred locus specific neighbor-joining gene trees, using uncorrected p-distances. In the Tropo6
dataset, some of the sequences were identical across individuals. Accordingly, neighbor-joining
analyses failed to produce a fully resolved tree for Tropo6 and we excluded it from COAL
calculations.
In an attempt to incorporate a larger sample of the possible gene topologies and branch
lengths, we sampled a collection of gene trees from the locus specific Bayesian tree searches
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Table 3.4 Deep coalescent events required to reconcile unrooted locus-specific gene
trees, inferred using Bayesian tree searches, with three possible species topologies. Bold
text indicates species topology with fewest deep coalescent events for each locus as well
as for the lowest total summed over all locus-specific gene trees.
Species topologiesa
Locus

(((Pam, Pcy), Pca), Pro, Ccy)

(((Pam, Pca), Pcy), Pro, Ccy)

(((Pcy, Pca), Pam), Pro, Ccy)

AETC

5

7

7

βact3

6

6

6

GADPH

3

3

3

MC1R

1

0

1

MPLPR

12

11

10

Myo2

3

3

3

ODC

7

7

6

Rho1

0

1

1

TGFβ2

5

7

7

Tropo
Total
Cost

0

1

1

42

46

45

a

Species name abbreviations: Pam = P. amoena, Pcy = P. cyanea, Pca = P. caerulea, Pro = P. rositae,
Ccy = Cyanocompsa cyanoides
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described above (see Minimize Deep Coalescences Analyses). Our approach was to calculate
the probability of each of the three possible species trees (Table 3.3) given each of the last 1,000
gene trees from the Bayesian searches, using COAL, and average the probabilities of those gene
trees to generate a more robust estimate of the likelihoods of the three species trees.
Unfortunately, in each locus specific Bayesian tree search some gene trees contained unresolved
polytomies, which COAL cannot handle; therefore, we abandoned this method of inferring gene
trees.
We replicated the COAL calculations, for both the five and eight terminal tip datasets,
using three different internal:terminal branch length ratios (1:1, 1:2, 1:10). All internal:terminal
branch length ratios, with the exception of 1:1, correspond to topologies with internode lengths
that are short, relative to the terminal branches, which appears to be the general pattern observed
in Passerina buntings. To assess the difference in probabilities of the gene trees if the species
tree united P. cyanea and P. amoena as sisters (Hypothesis 1) with one in which P. caerulea and
P. amoena were sisters (Hypothesis 2), we conducted a test of proportions (Sokal and Rohlf
1995) whereby we tallied the number of gene trees which were more probable under Hypothesis
1 and compared that with a tally of the number of gene trees which were more probable under
Hypothesis 2.
Population Genetic Analyses
Both phylogenetic methods described above assume that discordance between gene trees and the
species tree is due to genetic drift (i.e. lineage sorting stochasticity). Because of the welldocumented hybrid zone between P. amoena and P. cyanea, it would be ideal if a gene flow
parameter could be incorporated into the phylogenetic analysis. This is not currently possible.
We thus examined the utility of divergence population genetics for inferring species relationships
indirectly. The Isolation with Migration (IM) software package (Hey and Nielsen 2004; Hey
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2005) can estimate pairwise divergence times between P. cyanea, P. amoena, and P. caerulea,
while jointly estimating pairwise migration rates. A sister relationship is inferred to be between
the species with the most recent divergence estimate.
IM combines coalescent theory with Bayesian methodologies to simultaneously estimate
multiple population genetic parameters for two diverging populations. Briefly, using a Markov
chain Monte Carlo (MCMC) approach, IM generates posterior probability distributions of six
parameters (θpopulation1, θpopulation2, θancestal, m1, m2, t). These parameters can then be used to
calculate population demographic estimates, i.e. effective population sizes of the two populations
(Ne1 and Ne2), the ancestral population size (i.e. the population size prior to initial divergence =
NeA), migration rates between the two populations (m1 and m2, which allows for asymmetrical
migration rates), and the time since divergence of the two populations (t). A more recent version
of IM (Hey 2005) also allows for the inclusion of a population splitting parameter, s, which
allows for exponential population growth or decline in each descendant population.
IM assumes selective neutrality of each marker and no intralocus recombination. We
tested for neutrality by calculating Tajima’s D (Tajima 1993) for each locus using Arlequin v 3.0
(Excoffier et al. 2005). None of the ten loci showed a significant departure from neutrality (each
P > 0.25). To investigate intralocus recombination, we used TOPALi v 2 (McGuire and Wright
1998; 2000), which uses a sliding window approach to search for putative recombination
breakpoints along an alignment of DNA sequences. Using the DSS (difference in sum of
squares) method, with a 100 bp window and a 10 bp increment, we looked for signals of
recombination, manifested by a significant DSS peak along the sequence alignment. The
statistical significance of DSS peaks was assessed using 100 parametric bootstraps. Significant
DSS peaks were detected in three loci, βact3, MPLPR, and TGFβ2 (Table 3.1). For each of those
three loci, we only included the longest independently segregating block of sequence from the
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phased haplotype data in the IM runs, along with the total available phased haplotype sequences
from each of the other seven markers.
Using IM we estimated three pairwise divergence times, one between P. cyanea and P.
amoena, one between P. caerulea and P. amoena, and one between P. cyanea and P. caerulea.
Initial IM runs, conducted using the infinite sites (IS) model (Kimura 1969) and employing
unrealistically large maximum priors (t = 20, q1 = q2 = qa = 500, m1 = m2 = 50, or m1 = m2 = 0
for parameter estimation without gene flow), were used to establish appropriate parameter priors
for all subsequent analyses (Won and Hey 2005). Once appropriate priors were identified, we ran
IM three times with identical starting conditions, with the exception of the random number seed,
to assess convergence. All runs began with a burn-in period of 100,000 steps and were allowed
to continue until the minimum ESS (effective sample size) was > 100 (Hey 2005). Because runs
with the same starting conditions produced qualitatively similar results, we only present data
from the longest run (> 3 x 109 steps). For each pairwise estimate of divergence time, we
performed a variety of IM analyses with varying numbers of parameters. The simplest model
included four parameters (θ1, θ2, θA, t); other models included five (θ1, θ2, θA, t, m – equal
migration between populations or θ1, θ2, θA, t, s – allowing for population growth) or six
parameters (θ1, θ2, θA, t, m1, m2 – allowing for different, directional migration between
populations). All model parameter estimates in IM are scaled to the mutation rate, µ. To translate
scaled divergence time estimates to real time, we included mutation rates for each locus
calculated as the sequence length multiplied by 3.6 x 10-9 substitutions/site/year (Axelsson et al.
2004).
RESULTS
Maximum-likelihood analysis of the entire concatenated eight terminal tip dataset, based on
5,232 base pairs (bp) of sequence data from each individual, produced one strongly supported
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tree (Figure 3.3A). In it, the traditional sister relationship between P. amoena and P. cyanea was
recovered. This unconstrained tree was more likely than either of the constrained topologies,
regardless of the dataset, although the differences in likelihood scores were not significant (SH
test, p > 0.05, Table 3.3). Support values from ML bootstrap analyses and Bayesian posterior
probabilities, calculated under a single model of sequence evolution for the entire dataset,
indicated the topology recovered in the unconstrained searches was relatively well supported
(Figure 3.3). The Bayesian analysis of the eight terminal tip dataset using a mixed model, in
which a sequence evolution model was specified for each locus, uncovered the same topology as
the Bayesian analysis of the sixteen terminal tip dataset (Figure 3.3B and C). All of the above
phylogenetic analyses were rooted using C. cyanoides as an outgroup. Replicate analyses with
the reduced concatenated dataset (4,668 bp) produced the same topologies as the entire
concatenated dataset (Figure 3.3A).
Phylogenies inferred from the sixteen terminal tip dataset were also similar to the ML and
Bayesian phylogenies inferred from the eight terminal tip dataset (Figure 3.3). Both, ML and
Bayesian, sixteen terminal tip phylogenies contained a well-supported sister clade between P.
cyanea and P. amoena. The placement of P. caerulea with respect to P. rositae and the P.
cyanea / P. amoena clade varied depending on the dataset, eight or sixteen terminal tip, used to
infer the phylogeny. Both ML and Bayesian inferences uncovered a weakly supported clade
containing P. cyanea, P. amoena and P. caerulea, when tree searches were conducted on the
eight terminal tip dataset.
When based on the sixteen terminal tip dataset, both analyses recovered a sister
relationship between P. rositae and P. caerulea, and that clade was sister to the P. cyanea / P.
amoena clade (Figure 3.3B). Maximum likelihood bootstrap support values were between 52 and
56 (Figure 3.3B).
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Figure 3.3 Species trees inferred from the entire concatenated data set (5332 bp), except where
noted. In all phylogenies, multiple sequences from each species were collapsed into a single
‘representative.’ Only bootstrap support values > 50 (at the top of the branches) and Bayesian
posterior probabilities > .50 (at the bottom of the branches) are illustrated. A) Phylogeny inferred
from the 8-terminal-tip data set. For both bootstrap support values and Bayesian posterior
probabilities the first number refers to the concatenated data set and the second to a reduced
concatenated data set containing only the largest independently segregating block of sequence
from those loci for which recombination was detected. B) ML and Bayesian species tree inferred
from the 16-terminal-tip data set with bootstrap support values at the top of the branches and the
posterior probabilities at the bottom. C) Posterior probabilities of Bayesian phylogeny inferred
from the 8-terminal-tip data set with a mixed model of sequence evolution.
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The topologies inferred from the tree searches of the concatenated datasets did not differ
when gaps were coded as missing data or as a fifth state (topologies not shown).
Minimize Deep Coalescences Analyses
Overlaying the majority rule consensus gene trees from the Bayesian tree searches on the three
possible species trees resulted in three different deep coalescent costs for each gene – one cost
for each species tree (Table 3.4). For four locus-specific gene trees (AETC, Rho1, TGFβ2, and
Tropo6) the fewest number of deep coalescent events were observed when the species topology
united P. amoena and P. cyanea as sister species. The fewest deep coalescent events for one
locus (MC1R) occurred when P. amoena and P. caerulea were sister species, and the P. cyanea /
P. caerulea sister species tree contained the fewest deep coalescences when overlain with the
ODC and MPLPR gene trees.
Summing the number of deep coalescent events needed to fit the gene trees into the
species tree across loci produced a total cost of 42 for the P. amoena / P. cyanea sister species
tree (Table 3.4). Fitting the gene trees into the other two species tree required more deep
coalescences: 46 for the P. amoena / P. caerulea tree and 45 for the P. cyanea / P. caerulea tree.
Calculating Probabilities of Gene Trees Given Possible Species Trees
After randomly choosing one individual to represent P. amoena, P. cyanea, and P. caerulea, and
eliminating Tropo6 from further analyses, fourteen ML gene topologies were inferred from
phylogenetic tree searches conducted on each locus separately (Table 3.5). Multiple gene trees
with equal likelihoods were inferred from three loci (AETC – three gene trees, βact3 – two, and
MPLPR – three). Replicate COAL calculations that differed only in the ratio of internal to
terminal branch lengths (1:1, 1:2, 1:10) all gave qualitatively similar results. When terminal
branch lengths were longer than internal branch lengths (1:2, 1:10), three of the 14 gene
topologies were equally probable whether the given species tree had P. cyanea and P. amoena as
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sister species or a sister species relationship between P. amoena and P. cyanea (Table 3.5).
Those three gene topologies (one of two βact3 gene trees and two of three MPLPR gene trees)
were excluded from further analyses, because with respect to these relationships, these
topologies are uninformative. Of the remaining nine ML gene topologies (one of the three
equally likely AETC gene trees was chosen at random), eight were more probable given a
species tree uniting P. cyanea and P. amoena as sisters, and one was more probable given a P.
amoena – P. caerulea species tree (Table 3.5, test of proportions, nobs = 9 p = 0.05). When the
internal:terminal branch length ratio was 1:1, four of the 14 gene topologies were equally
probable given either species tree and were subsequently eliminated. Seven of the remaining
eight (one AETC gene tree chosen at random) ML gene topologies were more probable with P.
cyanea / P. amoena as sister species (Table 3.5, test of proportions, nobs = 8, p = 0.1).
Nine gene topologies, one for each locus with the exception of Tropo6, were inferred
from the eight terminal tip dataset using Neighbor Joining analyses (Table 3.6). In the COAL
calculations with internal:terminal branch lengths of 1:1 and 1:2, there was no difference in the
number of locus specific gene topologies that were more probable with P. cyanea and P. amoena
as sisters in the species tree and the number of gene topologies that were more probable with a P.
amoena / P. caerulea sister relationship (Table 3.6, test of proportions, nobs = 9, p > 0.05). When
the internal:terminal branch length ratio of the species trees was 1:10, all nine gene topologies
were more probable when the species tree placed P. cyanea and P. amoena as sisters (Table 6,
test of proportions, nobs = 9, p = 0.02).
Population Genetic Analyses
After excluding all gaps in the sequence data and retaining only the largest independently
segregating block of sequence for those loci that showed evidence of recombination, 4,721 bp of
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Table 3.5 Probabilities of ML gene trees given two alternative species topologies with
differing internal:terminal branch length ratios (1:1, 1:2, 1:10). Bold type indicates
probabilities that are greater with a P. amoena / P. cyanea species topology than with a P.
amoena / P. caerulea species topology. Italic type indicates the opposite pattern. All
probabilities calculated using COAL (Degnan and Salter 2005).
Probability
Species Topologyb
1:1
1:2
1:10
((((Pcy, Pam), Pca), Pro), Ccy) 0.00082 0.00495 0.01511
((((Pam, Pca), Pcy), Pro), Ccy) 0.00018 0.00199 0.01157
((Pam, Pcy),((Pro, Ccy), Pca))
((((Pcy, Pam), Pca), Pro), Ccy) 0.00082 0.00495 0.01511
((((Pam, Pca), Pcy), Pro), Ccy) 0.00018 0.00199 0.01157
((Pam, Pcy), (Ccy, (Pro, Pca))) ((((Pcy, Pam), Pca), Pro), Ccy) 0.01663 0.03091 0.02587
((((Pam, Pca), Pcy), Pro), Ccy) 0.00366 0.01270 0.01997
βact3
((((Pam, Ccy), Pcy), Pro), Pca) ((((Pcy, Pam), Pca), Pro), Ccy) 0.00000 0.00487 0.01103
((((Pam, Pca), Pcy), Pro), Ccy) 0.00000 0.00191 0.00748
(((Pam, Ccy),(Pcy, Pro)), Pca)
((((Pcy, Pam), Pca), Pro), Ccy) 0.00002 0.00051 0.00647
((((Pam, Pca), Pcy), Pro), Ccy) 0.00002 0.00051 0.00647
GADPH ((((Pam, Pcy), Ccy), Pca), Pro) ((((Pcy, Pam), Pca), Pro), Ccy) 0.00082 0.00487 0.01103
((((Pam, Pca), Pcy), Pro), Ccy) 0.00018 0.00191 0.00748
MC1R
(((Pam, Pca), Pcy),(Ccy, Pro))
((((Pcy, Pam), Pca), Pro), Ccy) 0.01075 0.02075 0.02104
((((Pam, Pca), Pcy), Pro), Ccy) 0.07336 0.07322 0.03321
MPLPR ((Pam,((Pro, Pca), Pcy)), Ccy)
((((Pcy, Pam), Pca), Pro), Ccy) 0.00059 0.00259 0.00532
((((Pam, Pca), Pcy), Pro), Ccy) 0.00059 0.00259 0.00532
(((Pam,( Pro, Pca)), Pcy), Ccy) ((((Pcy, Pam), Pca), Pro), Ccy) 0.00059 0.00259 0.00532
((((Pam, Pca), Pcy), Pro), Ccy) 0.00059 0.00259 0.00532
(((Pam, Pcy),(Pro, Pca)), Ccy)
((((Pcy, Pam), Pca), Pro), Ccy) 0.06330 0.05614 0.02232
((((Pam, Pca), Pcy), Pro), Ccy) 0.01366 0.02188 0.01605
Myo2
(((Pam, Pcy),(Pro, Pca)), Ccy)
((((Pcy, Pam), Pca), Pro), Ccy) 0.06330 0.05614 0.02232
((((Pam, Pca), Pcy), Pro), Ccy) 0.01366 0.02188 0.01605
ODC
((((Pam, Pcy), Pca), Pro), Ccy) ((((Pcy, Pam), Pca), Pro), Ccy) 0.40808 0.17006 0.02217
((((Pam, Pca), Pcy), Pro), Ccy) 0.05686 0.04358 0.01230
Rho1
((((Pam, Pcy), Pca), Pro), Ccy) ((((Pcy, Pam), Pca), Pro), Ccy) 0.40808 0.17006 0.02217
((((Pam, Pca), Pcy), Pro), Ccy) 0.05686 0.04358 0.01230
TGFβ2
((((Pam, Pcy), Ccy), Pca), Pro) ((((Pcy, Pam), Pca), Pro), Ccy) 0.00082 0.00487 0.01103
((((Pam, Pca), Pcy), Pro), Ccy) 0.00018 0.00191 0.00748
a
Gene tree searches based on Tropo6 sequence data from one randomly chosen individual from each species
resulted in > 100 ML gene trees and so that locus was dropped from the COAL analysis.
Locusa
AETC

ML Gene Treeb
((Pam, Pcy),((Ccy, Pca), Pro))

b

Species names abbreviations: Pam = P. amoena, Pcy = P. cyanea, Pca = P. caerulea, Pro = P. rositae, Ccy
= C. cyanoides
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sequence data were included in the IM analyses. When divergence times were estimated in the
absence of migration, analyses uncovered a more recent splitting between P. cyanea and P.
amoena than between either of those two species and P. caerulea (Figure 3.4A, Table 3.7).
Estimates for θ1, θ2 and θA were inconclusive; the distributions of the posterior probabilities were
nearly flat in all comparisons (data not shown). Allowing for growth or decline in the descendent
populations did not qualitatively alter the divergence time estimates for any of the pairwise
comparisons; the most recent divergence was between P. amoena and P. cyanea, with
divergence times later for both the P. caerulea / P. amoena and P. caerulea / P. cyanea
comparisons (Table 3.7).
When divergence time was estimated jointly with migration, the high points of the
posterior probability distributions suggested a different pattern. The divergence time pattern was
the same regardless of whether the direction of gene flow was constrained to be symmetrical
(five parameter model) or asymmetrical (six parameter model); thus, only the divergence times
estimated under the six parameter model are discussed. In the P. cyanea / P. amoena
comparison, the divergence time (0.211), estimated jointly with migration, was nearly identical
to the divergence time estimates using a model without migration (0.2105; Table 3.7). For both
the P. amoena / P. caerulea and P. cyanea / P. caerulea comparisons, the divergence time
estimate with the highest posterior probability was 4.9975, much greater than the estimates in the
absence of migration (0.7185 and 0.537, respectively; Table 3.7). However, each of the posterior
probability distributions of divergence time estimates for the P. amoena / P. caerulea and P.
cyanea / P. caerulea comparisons, which never converged to zero, also had peaks much closer to
the peak of the P. amoena / P. cyanea distribution (Figure 3.4B, Table 3.7).
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Table 3.6 Probabilities of Neighbor Joining gene topologies, inferred from the eight terminal tip dataset, given two
alternative species trees with differing internal:terminal branch length ratios (1:1, 1:2, 1:10). Bold type indicates
probabilities that are greater with a P. amoena / P. cyanea species topology than with a P. amoena / P. caerulea
species topology. Italics indicate opposite pattern. All probabilities calculated using COAL (Degnan and Salter 2005).
Probability
a

b

Locus

NJ tree

Species Topology

AETC

(Pcy1, (((Pam1, Pcy2), Pam2), ((Ccy, Pro), (Pca1, Pca2))))

βact3

(Pcy1, (((Pam1, Pcy2), Ccy), ((Pro, (Pca1, Pca2)), Pam2)))

GADPH

(Pcy1, (((Pam1, Pam2), (Pro, (Pca1, Pca2))), (Ccy, Pcy2)))

MC1R

(Pcy1, ((((Pam1, Pam2), (Pca1, Pca2)), (Ccy, Pro)), Pcy2))

MPLPR

(Pcy1, ((((Pam1, Pam2), Pcy2), Ccy), ((Pro, Pca1), Pca2)))

Myo2

(Pcy1, ((((Pam1, Pam2), Pcy2), Ccy), (Pro, (Pca1, Pca2))))

ODC

(Pcy1, ((((Pam1, Pcy2), (Ccy, Pro)), (Pca1, Pca2)), Pam2))

Rho1

(Pcy1, ((((Pam1, Pam2), (Pca1, Pca2)), (Ccy, Pro)), Pcy1))

TGFβ2
a

(Pcy1, ((Pam1, (Ccy, (Pcy2, Pam2))), (Pro, (Pca1, Pca2))))

b

1:1

1:2

1:10

((((Pcy, Pam), Pca), Pro), Ccy)

2.365E-09

4.787E-07

1.8218E-05

((((Pam, Pca), Pcy), Pro), Ccy)

1.62E-10

4.63E-08

1.82953E-06

((((Pcy, Pam), Pca), Pro), Ccy)

5.05E-10

2.779E-07

2.1178E-05

((((Pam, Pca), Pcy), Pro), Ccy)

3.99E-10

1.070E-07

2.62828E-06

((((Pcy, Pam), Pca), Pro), Ccy)

3.143E-09

1.800E-06

0.00018838

((((Pam, Pca), Pcy), Pro), Ccy)

2.730E-08

2.727E-06

3.75984E-05

((((Pcy, Pam), Pca), Pro), Ccy)

2.124E-09

1.309E-06

0.000149501

((((Pam, Pca), Pcy), Pro), Ccy)

1.029E-07

5.101E-06

3.50167E-05

((((Pcy, Pam), Pca), Pro), Ccy)

5.136E-09

9.528E-07

2.77842E-05

((((Pam, Pca), Pcy), Pro), Ccy)

3.98E-10

5.101E-06

1.74861E-05

((((Pcy, Pam), Pca), Pro), Ccy)

1.531E-06

6.83E-05

0.000690821

((((Pam, Pca), Pcy), Pro), Ccy)

1.282E-06

2.868E-05

9.5464E-05

((((Pcy, Pam), Pca), Pro), Ccy)

< 1.0E-12

1.393E-09

2.7787E-06

((((Pam, Pca), Pcy), Pro), Ccy)

< 1.0E-12

5.27E-10

3.8284E-07

((((Pcy, Pam), Pca), Pro), Ccy)

2.124E-09

1.309E-06

0.000149501

((((Pam, Pca), Pcy), Pro), Ccy)

1.029E-07

5.101E-06

3.50167E-05

((((Pcy, Pam), Pca), Pro), Ccy)

1.4E-11

3.738E-08

1.2647E-05

6.714E-07

1.4255E-08

((((Pam, Pca), Pcy), Pro), Ccy)
1.1E-11
NJ gene tree search based on Tropo6 sequence data produced an unresolved topology and was dropped from COAL analyses.

b

Species names abbreviations: Pam = P. amoena, Pcy = P. cyanea, Pca = P. caerulea, Pro = P. rositae, Ccy = C. cyanoides. Numbers following species
abbreviations in NJ topologies refers to the different individuals sampled. All species were constrained to be monophyletic in the species topologies.
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Estimates of migration rates between the species varied. The posterior probability
distributions of m1 and m2 between P. cyanea and P. amoena were flat, but non-zero (Figure
3.4C, D). In contrast, migration into P. caerulea from both P. cyanea and P. amoena was
effectively zero (m2 in both comparisons, Figure 3.4D). However, the parameter distributions for
migration into P. cyanea and P. amoena from P. caerulea both show evidence for non-zero gene
flow (Figure 3.4C). The posterior probability distributions for m1 were also similar for both
comparisons involving P. caerulea, one peak at zero and a secondary, non-zero peak indicating
gene flow into either P. cyanea or P. amoena from P. caerulea (Figure 3.4C).
While the divergence time parameter estimates did change with the inclusion of the gene
flow parameter (Figure 3.4 and Table 3.7), the data were not significantly more likely under the
more complex model in any of the pairwise comparisons. In all three comparisons twice the
difference between the likelihoods of the data under the complex model (allowing for directional
migration) and the simple model (no migration) were less than the critical value (χ = 5.991, d.f.
= 2, p = 0.05)
DISCUSSION
Both phylogenetic and population genetic analyses of the 10-locus dataset supported the
traditional sister relationship between P. amoena and P. cyanea. Interestingly, the P. caerulea /
P. amoena sister relationship proposed by Klicka et al. was supported by analyses of the MC1R
data (Tables 3.4, 3.5 and 3.6). Mutations in MC1R are known to correlate with variations in
melanin-based plumage in a variety of taxa, including birds (Hoekstra 2006; Mundy 2005).
Within Passerina, P. amoena and P. caerulea are the only species with putatively melanin-based
plumages (Hill and McGraw 2006) and selection acting on MC1R might explain the differences
we found between inferences based on MC1R and those based on other loci. There is a non-
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Figure 3.4 The posterior probability distributions of model parameters (t, m1, and m2) estimated
using IM for pairwise comparisons P. cyanea X P. amoena and P. caerulea X P. amoena. A)
Pairwise divergence time estimates with no postdivergence gene flow. B) Pairwise divergence
time estimates allowing for postdivergence gene flow. C and D) Migration-rate estimates. All
parameter estimates are scaled to the neutral mutation rate (µ).
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synonymous change at amino acid residue 102 (Val → Leu) that unites P. caerulea and P.
amoena (Val) to the exclusion of P. cyanea (Leu), which does not have any melanistic plumage.
However, P. rositae and C. cyanoides (neither of which have melanin-based plumage) share the
Val allele with P. amoena and P. caerulea indicating that the allele (Leu) found in P. cyanea is
likely derived and probably not related to the differences in plumage patterns between P.
caerulea, P. amoena and P. cyanea. Therefore, while we cannot completely rule out the
possibility that selection on the melanin-based plumages of P. amoena and P. caerulea has
resulted in the observed patterns, the available data suggest selection is an unlikely cause.
Below, we discuss the benefits of using the two types of analyses for resolving sister
relationships in Passerina and then with respect to closely related taxa in general.
Comparing mtDNA and Nuclear DNA Signals
The sister relationship between P. cyanea and P. amoena supported by the multilocus analyses
conflicts with a well-supported P. caerulea / P. amoena sister relationship inferred from
mitochondrial data (Klicka et al. 2001). A possible explanation for the discrepancies between the
mtDNA and nuclear results is differential lineage sorting of the mtDNA with respect to the true
species tree (Braun and Brumfield 1998). Assuming ((P. cyanea, P. amoena), P. caerulea) is the
correct topology, one can estimate the probability of incongruence between a gene tree and the
species tree (Felsenstein 2004; Hein et al. 2005). Incorporating a range of internode values based
on the divergence time estimates from IM and a range of potential effective ancestral population
sizes, the chance a gene tree differs from the true species tree in the Passerina system ranges
from 0% (Ne = 10,000 indivs, internode length = 100,000 years) to 65% (ancestral Ne =
1,000,000, internode length = 100,000 years, Figure 3.2). Using an internode length of 350,000
years, which is the difference in the maximum likelihood estimates of the divergence time for the
P. cyanea x P. amoena (~ 138,000 years ago) and the P. caerulea x P. amoena (~ 486,000 years
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Table 3.7 Maximum likelihood estimates (MLE)a and 90% highest posterior density (HPD)a intervals of divergence time estimates
for pairwise comparisons between P. amoena, P. cyanea, and P. caerulea.
constant populationb
Comparison

variable populationc

with migration (initial peak)d

with migration (high
point)d

t

t (years)e

t

t (years)e

t

t (years)e

t

t (years)e

0.2105
0.0375 0.4345

138000
25000 286000

0.207

136000

0.037 - 0.443

24000 - 291000

0.211
0.033 0.445

138000
21700 292000

0.211
0.033 0.445

138000
21700 292000

0.7185
0.3555 1.3125

486000
241000 888000

0.4825

0.1825

103000

4.9975

3380000

0.2475 - 1.5325

327000
167000 1037000

n/af

n/af

n/af

n/af

0.537

363000
120000 738000

0.4935

334000

0.0735

49700

4.9975

3380000

0.1505 - 1.3265

102000 - 898000

n/af

n/af

n/af

n/af

P. cyanea x P. amoena
MLE
90% HPD
P. caerulea x P. amoena
MLE
90% HPD
P. caerulea x P. cyanea
MLE
90% HPD

0.177 - 1.091

a

MLEs are the locations of the peaks of the posterior probabilities in Figure 4, HPDs are the values along the x-axes in Figure 4 that contain 90% of the area
of the histograms
b

Divergence time estimates for IM runs under the constant population size model

c

Divergence time estimates for IM runs under the variable population size model, which includes the population splitting parameter s

d

Divergence time estimates for IM runs under constant population size model while allowing for migration. In all comparisons (except P. cyanea x P. amoena)
there was an initial peak (initial peak) and a non-converging, non-zero tail (high point). See Figure 3.4.
e

Mutation scaled estimates of divergence time (t) were translated into years using a mutation rate of 3.6 x 10-9 substitutions/site/year (Axelsson et al. 2004)

f

These runs failed to converge so 90% HPDs are not presented.
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ago) comparisons (Table 3.7), and assuming no post-speciation gene flow, the probabilities of
incongruence range from 0% (ancestral Ne = 10,000) to 55% (ancestral Ne = 1,000,000) (Figure
3.2). While an accurate estimate of the ancestral population size is unavailable, an effective size
of 10,000 or 20,000 may be unrealistically small. Current population census estimates for P.
cyanea are on the order of 20 – 80 million individuals (Payne 1992). Furthermore, while some
coalescent-based ancestral population size estimates tend to be relatively small (Hey 2005; Won
and Hey 2005), an estimate in birds based on sequence data from multiple nuclear markers
suggested an ancestral population size on the order of hundreds of thousands of individuals
(Jennings and Edwards 2005). Large population sizes and short internode lengths combine to
increase the chance of incomplete and incorrect lineage sorting of gene copies, confusing the
phylogenetic relationships of the focal taxa. The analyses of a multilocus dataset presented
herein suggest that the stochastic nature of lineage sorting of the mitochondrial genome resulted
in a gene tree that is discordant with the species tree.
In closely related taxa, gene flow, in addition to lineage sorting problems, may limit the
ability to correctly infer the species tree from gene sequences. P. cyanea and P. amoena
currently hybridize where their breeding ranges overlap, although the amount of introgression is
currently unknown, and hybrid specimens between other members of the genus have been
reported. The samples of P. amoena and P. cyanea included in this study were collected far from
the Great Plains contact zone to minimize the chance that recent introgression between the two
species might be obscuring the true evolutionary relationships between the P. cyanea, P.
amoena, and P. caerulea. Ongoing studies of the genetic structure of the hybrid zone between P.
cyanea and P. amoena suggests little mitochondrial or nuclear introgression is occurring (M.
Carling, unpublished data). The data from the hybrid zone, along with the non-significant
difference in the likelihood of the data to the more complex model in IM, indicate that gene flow
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between P. cyanea and P. amoena has probably not had a strong influence on the speciational
history inferred in this study.
Implications for Uncovering Phylogenetic Signals in Closely Related Taxa
Integrating top-down phylogenetic methods with bottom-up population genetic methods was
successful in that the same sister relationship was supported by both types of analyses. The
dataset of 10 loci sampled from either one (P. rositae and C. cyanoides) or two individuals per
species (P. cyanea, P. amoena, and P. caerulea) generated a relatively well-supported species
tree despite the low level of variation at each locus. One possible solution to increase the
resolution of individual gene trees is to increase the length of the sampled sequence.
Theoretically, lengthening the sampled sequence should increase the chance of detecting variable
sites, which may then offer additional support for a particular topology (Doyle 1992). In practice
however, lengthening loci may not be a straightforward solution to a problem of poor resolution
in phylogeny reconstruction. As the length of the sampled locus increases, so does the chance of
sampling sites that have undergone recombination. We detected recombination in three of the 10
loci, a ratio similar to a recent multilocus study investigating the speciational history of
Australian grass finches (Jennings and Edwards 2005). Both studies sampled loci between 200 –
900 bp, which demonstrates that potential effects of recombination should be considered in any
population genetic or phylogenetic study employing sequence data from nuclear loci. Here, the
results of the phylogenetic analyses were similar regardless of whether we analyzed the entire
sequence length or just the longest independently segregating block of sequence from the three
loci (βact3, MPLPR, TGFβ2) that showed evidence of recombination (Table 3.3, Figure 3.3).
The sampling design used here closely mimicked the design that resulted in the greatest
accuracy of species tree inference in Maddison and Knowles’ (2006) investigation into the utility
of using the Minimize Deep Coalescences method for phylogenetic reconstruction. Using
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simulated datasets that differed both in the number of individuals sampled and the number of loci
sampled, they assessed how often the Minimize Deep Coalescences method recovered the true
species tree, that is, the tree on which the sequences were simulated. A sampling design of nine
loci and three individuals per species proved to be quite successful in recovering the correct
species tree. The results of the modified Minimize Deep Coalescences method used here provide
empirical support for their ‘best’ sampling design and serve as a useful reference point for
researchers designing sampling protocols with the purpose of inferring phylogenies of closely
related taxa.
Conclusions
Using DNA sequence data from a suite of nuclear loci, phylogenetic and population genetic
analyses supported the traditionally accepted evolutionary relationships between three North
American passerines. In contrast to the findings of an earlier study that used data from the
mitochondrial gene cytochrome b to infer the phylogeny of the genus (Klicka et al. 2001), we
found, using both phylogenetic and population genetic based methods, P. cyanea and P. amoena
to be more closely related to each other than either is to P. caerulea. These results underscore the
importance of sampling multiple individuals and multiple loci when estimating multiple
demographic parameters simultaneously under complicated evolutionary scenarios, e.g. when
allowing for post-divergence gene flow. Unfortunately, IM and other coalescent-based methods
available for inferring population genetic parameters are often limited in some ways (e.g. how
many populations they can handle, the sequence evolution models employed, etc). The continued
improvement of these methods will facilitate the combined analytical approach we advocate in
studies with a greater number of focal taxa.
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CHAPTER 4: HALDANE’S RULE IN AN AVIAN SYSTEM: USING CLINES
AND COALESCENCES TO TEST THE INTROGRESSION OF MTDNA, AUTOSOMAL
AND Z-LINKED LOCI ACROSS THE PASSERINA HYBRID ZONE
Understanding the processes important in creating and maintaining biological diversity is of
fundamental importance to evolutionary biology. A central goal of speciation research has been
to try to uncover the genetic mechanisms underlying Haldane’s rule (Haldane 1922; Coyne and
Orr 2004), which states that when hybrids of one sex are inviable or sterile, it is usually the
heterogametic sex. Empirical support comes both from organisms with heterogametic males
(Drosophila and mammals) and with heterogametic females (Lepidoptera and birds, see Coyne
and Orr 2004 and references therein).
Hybrid zones, formed after the secondary contact of partially reproductively isolated taxa
(Hewitt 1988; Harrison 1990; Arnold 1997; Mallet 2005), are often used to investigate Haldane’s
rule in non-model organisms for which laboratory crosses are impractical (Hagen and Scriber
1989; Brumfield et al. 2001; Saetre et al. 2003). The dominance theory of Haldane’s rule allows
for the development of testable hypotheses related to the differential introgression of different
loci across these hybrid zones. Based on the Dobzhansky-Muller (D-M) incompatibility model
(Dobzhansky 1937; Muller 1940, 1942), the dominance theory states that inviability or sterility
arises from the interaction between two genes that evolved incompatible alleles in allopatry. If
the alleles causing hybrid incompatibility are recessive, their impact will be much larger if one or
both of the genes are located on the sex-chromosomes.
Support for the dominance theory comes from a variety of empirical sources, including
direct tests of a simple prediction: if genes causing hybrid sterility or inviability are recessive
(thus being masked in F1 hybrids), it should be possible to find the causative alleles if they can
be made homozygous or hemizygous. Such alleles have been found, mainly in Drosophila
(Sawamura et al. 2000; Presgraves 2003; Tao and Hartl 2003). The dominance theory also is
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supported by comparative contrasts; researchers have found that Haldane’s rule evolved more
quickly in Drosophila with larger X-chromosomes than in those with smaller X-chromosomes
(Turelli and Begun 1997). This ‘large-X effect’ likely plays a role in non-Drosophila systems as
well. It predicts that if the sex chromosomes play a large role in reproductive isolation, sexlinked loci will show less introgression than autosomal loci across hybrid zones. Such reductions
in sex-linked introgression have been found in studies of natural hybrid zones between species of
butterflies, mice and birds (Hagen and Scriber 1989; Tucker et al. 1992; Saetre et al. 2003).
In birds, females are the heterogametic sex (ZW) and thus, female hybrids are expected to
show greater fitness reductions than male hybrids. Haldane’s rule predicts that mitochondrial
loci, because they are maternally inherited, would show patterns of reduced introgression
compared to autosomal loci. Therefore, in taxa with heterogametic females, Haldane’s rule
predicts autosomal loci will show greater levels of introgression than either mtDNA or sexlinked loci (z-linked hereafter).
Tests of Haldane’s rule predictions in hybrid zones often involve investigating the
relative selective forces acting on different loci by employing cline analyses to explain the
changes in allele frequencies occurring along a geographic transect (Porter et al. 1997; Brumfield
et al. 2001; Blum 2002; Payseur et al. 2004; Macholan et al. 2007). Cline theory predicts a
relatively straightforward relationship between natural selection against hybrids and cline width
– stronger selection against introgression results in a narrower cline (Slatkin 1973; Slatkin and
Maruyama 1975; Endler 1977). Accordingly, loci with narrower clines, or other linked loci, are
thought to be more important in maintaining reproductive isolation between the hybridizing taxa
than loci with wider clines. It is expected then, that mtDNA (in taxa with heterogametic females)
and z-linked loci should show narrower clines than autosomal loci.
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More recently, the increased sophistication of coalescent-based analytical techniques
(Wakeley and Hey 1997; Hey 2005; Putnam et al. 2007; Rosenblum et al. 2007) has provided a
new manner in which to investigate the selective forces acting on the movement of alleles across
hybrid zones. Such methods use information contained in the genealogy of population samples to
estimate a variety of population genetic parameters, including effective population size,
introgression rates and divergence time, that can be used to explore the evolutionary history of
populations. For example, these techniques have been used to reject strict allopatric speciation
models in a number of taxa (Machado et al. 2002; Osada and Wu 2005). Additionally, by
comparing gene flow parameters estimated from different loci, such coalescent-based methods
can be used to investigate patterns of differential introgression. Loci with reduced rates of
introgression may contribute more to the maintenance of reproductive isolation than loci with
greater rates. Again, according to Haldane’s rule, we predicted that mtDNA and z-linked loci
would show decreased rates of introgression compared to autosomal loci.
In this study we had three principal objectives. The first was to provide the first genetic
characterization of the hybrid zone between Passerina cyanea and Passerina amoena. Our
second objective was to test the prediction that, according to Haldane’s rule, both mtDNA and zlinked loci should introgress less, on average, than autosomal loci. Because two-thirds of zlinked alleles are carried by males, mtDNA should also show a reduction in introgression when
compare with z-linked loci. Our third objective was to investigate the utility of integrating clinebased and coalescent-based analyses of multi-locus data sets to test the above predictions.
Study System: Passerina Buntings
Passerina cyanea (Indigo Bunting) and P. amoena (Lazuli Bunting) are closely related species
(Carling and Brumfield 2008) that form a hybrid zone where their breeding ranges overlap. The
Passerina bunting hybrid zone (Figure 4.1A) is one of many hybrid zones clustered in a ‘suture
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zone’ (Remington 1968) located near the junction between the western edge of the Great Plains
and the eastern foothills of the Rocky Mountains (Swenson and Howard 2004, 2005). Although a
diversity of taxa have contact zones in the same geographical location, the clustering of avian
hybrid zones in the Northern Rocky Mountain zone is particularly striking (Rising 1983a).
Besides Passerina buntings, the distributions of 13 pairs of avian taxa meet in the Great Plains
and form ten additional hybrid zones (Rising 1983a).
Previous morphological studies of the Passerina hybrid zone reported differences in the
extent of introgression between P. cyanea and P. amoena. Sibley and Short (1959) reported
widespread hybridization – nearly 70% of specimens collected from South Dakota, Wyoming,
Nebraska and Colorado were classified as hybrids. In contrast, two later studies reported much
lower levels. Of 153 buntings collected across North Dakota and eastern Montana, only 35 were
identified as hybrids (Kroodsma 1975), and ~5% of the 53 buntings collected in Nebraska and
Wyoming were identified as hybrids (Emlen et al. 1975). These three studies differed in the
location of the transect sampled as well as in the methods used to classify individuals as P.
cyanea, P. amoena or hybrids. While the discrepancies in the reported frequency of hybridization
may reflect different hybrid zone dynamics among the three transects, at least a portion of the
difference is due to methodological differences. Both Kroodsma (1975) and Emlen et al. (1975)
used a more conservative hybrid index score than Sibley and Short (1959), and a reassessment of
the specimens collected by Sibley and Short suggested only ~7% of their specimens were
hybrids (Emlen et al. 1975).
Behavioral studies of the Passerina bunting hybrid zone provide some support for
assortative mating and interspecific male territoriality. Using captive individuals, Baker (1991)
showed that P. amoena and P. cyanea males from sympatric populations respond
antagonistically to each other’s songs and that sympatric females give more copulation
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Figure 4.1 A) Breeding distributions and allopatric sampling localities for Passerina amoena
and P. cyanea. Region outlined by black box magnified in B. Digital maps (Ridgely et al. 2003)
for each species were downloaded from NatureServe (2006) and modified. B) More detailed
view of sampling localities in and near the contact zone. C) Allele frequencies (averaged across
all seven loci) at each sampling locality in and near the contact zone. White proportion of pie
charts refers to Passerina amoena alleles, black proportion refers to P. cyanea alleles. White box
in B and C indicates location of contact zone. Background shading in B and C indicates
elevation, darker shading = increasing elevation. Numbers of sampling localities refer to more
detailed location information in Table 4.1.
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(Figure 4.1 continued)
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solicitation displays when exposed to conspecific male traits than when exposed to heterospecific
male traits (Baker and Baker 1990; Baker 1996). Subsequent field-based research suggested
male plumage may be a better predictor of conspecific versus heterospecific status when females
are choosing mates (Baker and Boylan 1999). Because male buntings are able to alter their songs
phrases from one breeding season to the next (Payne 1981), females may opt to rely on male
plumage patterns, because they are likely less plastic than song characteristics. Field research
also provided some support for selection against hybrids. Pairings that involved at least one
hybrid individual (either the male or female, there were no instances where both sexes were
hybrids) resulted in fewer nestlings and fledglings when compared to pairings involving nonhybrid individuals (Baker and Boylan 1999).
METHODS
Sampling, Amplification and Sequencing
During the summers of 2004 – 2007, we collected vouchered population samples of Passerina
cyanea, P. amoena and P. cyanea x P. amoena hybrids from 21 localities spanning the contact
zone (Figure 4.1, Table 4.1 and Appendix). For reference parental samples, we also acquired
tissues from allopatric populations of P. cyanea and P. amoena east and west of the contact zone,
respectively (Figure 4.1, Table 4.1 and Appendix), resulting in 248 individuals collected from 27
focal populations. Four additional localities represented by a single individual (Appendix) were
included in the coalescent-based analyses, but not in the cline-based analyses.
We extracted genomic DNA from ~25 mg of pectoral muscle using either standard
phenol/chloroform methods or a DNeasy Tissue Kit (QIAGEN Inc., Valencia, CA). Each
individual was amplified at a suite of eight loci (two mtDNA, four autosomal, and two Z-linked
markers; Table 4.2) using the following PCR conditions in a 25 µl reaction: ~40 ng template
DNA (2 µl of DNA extracts), 1 µl of 10 mM dNTPs (2.5 mM each dATP, dTTP, dCTP, dGTP),
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Table 4.1 Sampling localities, sample sizes and distance along sampling transect of
individuals analyzed in this study.
Code

Locality

Latitude

1
2
3
4
5
6
7
8
9
10
11
12
13

WA
47.8
ID
44.1
MT: Custer National Forest #1
45.1
WY: Bighorn National Forest #1
44.8
WY: Bighorn National Forest #2
44.6
CO: Roosevelt National Forest
40.7
MT: Custer National Forest #2
45.7
WY: Medicine Bow National Forest
42.4
ND: Little Missouri National Grassland
46.8
SD: Custer National Forest
45.3
1
WY: Sand Creek
44.5
1
NE: White River
42.6
SD: Black Hills National Forest
43.7
NE: Ponderosa State Wildlife Management
14
Area
42.6
15
SD: The Nature Conservancy Whitney Preserve
43.3
16
NE: Nebraska National Forest
42.8
17
SD: Ft. Meade National Recreation Area
44.4
1
18
NE: Nenzel
42.8
19
NE: The Nature Conservancy
42.8
Niobrara Valley Preserve
20
SD: Carpenter Game Production Area
43.7
21
ND: The Nature Conservancy
46.3
Pigeon Point Preserve
22
NE: Wiseman State Wildlife Area
42.8
23
SD: Newton Hills Game Production Area
43.2
24
MN
44.9
25
IL
40.5
26
MI
42.3
2
27
LA
CA2
MO2
SC2
TX2
1
Access to these localities generously provided by private landowners
2

-118.9
-116.2
-108.5
-107.3
-107.7
-105.2
-106.0
-105.3
-103.5
-103.2
-104.1
-103.5
-103.8

29
3
4
8
2
7
5
3
13
10
14
8
5

Distance
from
locality 1
(km)
0
232
842
943
944
946
1003
1072
1083
1191
1198
1203
1225

-103.3
-103.6
-102.9
-103.5
-101.1
-100.0

7
3
8
4
4
18

1227
1243
1245
1250
1395
1479

-99.5
-97.3

13
4

1492
1557

-97.1
-96.6
-93.7
-88.9
-83.7

10
13
10
10
7
26
1
1
1
1

1670
1721
1861
2322
2714
-

Longitude

N

Individuals from these localities were exluded from cline analyses, see Appendix for exact
sampling localities
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1 µl of each primer (10 mM, Table 2), 2.5 µl 10 X Buffer with MgCl2 (15 mM), 0.1 µl Taq (5
U/µl of either AmpliTaq DNA Polymerase, Applied Biosystems Inc., Foster City, CA or Taq
DNA Polymerase, New England Biolabs, Ipswich, MA), and 17.4 µl sterile dH2O. The
thermocycling profile was as follows: an initial 95° denaturation for 2 mins followed by 35
cycles consisting of a 30 sec, 95° denaturation step, a 30 sec, locus specific temperature primer
annealing step (Table 4.2), and a 2 min, 72° extension step, and a final extension of 5 mins at
72°. To check for amplification we electrophoresed 2.5 µl of each PCR product on a 1% Agarose
gel.
We cycle-sequenced both strands of all PEG-purified PCR amplicons in a 7 µl reaction
using 1.5 µl of 5 X sequencing buffer (ABI), 1 µl of 10mM primer, 2.5 µl of template, 0.15 –
0.25 µl Big Dye Terminator Cycle-Sequencing Kit v 3.1 (ABI), and 1.85 – 1.95 µl sterile dH2O.
We cleaned cycle-sequencing products on Sephadex (G-50 fine) columns and electrophoresed
the cleaned products on a 3100 Genetic Analyzer (ABI). All sequences were edited and
assembled using Sequencher v 4.7 (GeneCodes Corp., Ann Arbor, MI). When direct sequencing
of purified PCR amplicons of autosomal and z-linked loci revealed more than one heterozygous
site within a sequence, we resolved haplotypes probabilistically using PHASE (Stephens et al.
2001; Stephens and Donnelly 2003).
To identify the largest independently segregating block of sequence data for all nuclear
loci (autosomal and z-linked), we tested for intralocus recombination using the four-gamete test
as implemented in DnaSP v 4.10 (Rozas et al. 2003). We also used DnaSP to calculate haplotype
diversity (Hd; Nei 1987) and nucleotide diversity (π; Tajima 1983) within each species. Species
identification was based on plumage pattern (see below).
To assign haplotypes as belonging to either P. cyanea or P. amoena, we used TCS v 1.21
(Clement et al. 2000) to build parsimony-based haplotype networks that included all phased
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Table 4.2 PCR annealing temperatures, sequence lengths, primer sequences and diversity measures for mtDNA, autosomal and zlinked loci.
Annealing
Locus
ND3

4

Cont. Region4
ALDOB3

5

BRM155
GADPH

6

Length

Temp

(bp)

46

356

55
61
60
62

P. cyanea

1

168
111
300
101

2

3

PCR/sequencing primers

Internal sequencing primers

Hd

π

Hd

π

L10755

NA

0.96

0.008

0.92

0.019

H11151

NA

F: TACCTAGGAGGTGGGCGAAT

NA

R: CCCAAACATTATCTCCAAAA

NA
0.60

0.008

0.41

0.005

0.64

0.004

0.55

0.003

0.55

0.007

0.71

0.010

0.38

0.002

0.33

0.002

0.57

0.006

0.51

0.005

0.12

0.001

0.27

0.004

F: GGCAGGAACAAATGGAGAAACT

F: CACTTGGCAAAGTCAGCACCATCT

R: GCCAGAACCTGAAAACAGGAG

NA

F: AGCACCTTTGAACAGTGGTT

NA

R: TACTTTATGGAGACGACGGA

NA

F: ACCTTTCATGCGGGTGCTGGCATTGC

F: CAGAGGGTAGATGGGA

R: CATCAAGTCCACAACACGGTTGCTGTA
MC1R6
MYO2

6

RHO16
1

62.5
58
60

202
113
114

P. amoena

NA

F: CTGGCTCCGGAAGGCRTAGAT

F: SGCRTAGAAGATGGTGATGTAGC

R: AYGCCAGYGAGGGCAACCA

R: GTBGACCGCTACATCACCAT

F: CTGGCTCCGGAAGGCRTAGAT

F: GCATGCCTGGGAAACTGTAT

R: AYGCCAGYGAGGGCAACCA

R: GGTTGCAGAGCCTGGAAATA

F: TGCTACATCGAGGGCTTCTT

F: CCTGGCAGAAGCCTAATCTCTGA

R: GCAGTGACCAGAGAGCGATT

R: CATGTCAGAGTGTGACCACAGGC

Length of longest independently segregating block.

2

PCR and external sequencing primer references: ND3 - Chesser 1999; Cont. Region - this study; GADPH - Primmer et al. 2002; MC1R - Cheviron et al. 2006; MYO2 Heslewood et al. 1998 (F), Slade et al. 1993 (R); RHO1 - Primmer et al. 2002; ALDOB3 - G.P. Saetre pers comm.; BRM15 - Borge et al. 2005.
3

Internal sequencing primer references: GADPH - this study; MC1R - Cheviron et al. 2006; RHO1 - Carling and Brumfield 2008a, ALDOB3 - this study.

4

ND3 and Cont. Region were analyzed together as a single mtDNA dataset

5

z-linked locus

6

Autosomal locus
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haplotypes using. Individual haplotypes with frequencies ≥ 0.80 in the ‘allopatric’ P. amoena
population (WA) were classified as P. amoena haplotypes. Alternately, haplotypes with
frequencies ≥ 0.80 in the ‘allopatric’ P. cyanea population (LA) were designated as P. cyanea
haplotypes. The most common MYO2 haplotype could not be assigned as either P. amoena or P.
cyanea based on the above criterion. For the cline analyses (see below) we estimated cline shape
parameters for the most common MYO2 haplotype.
Cline Analyses
For the cline analyses we excluded the 26 individuals from Louisiana, since they did not fall on a
natural linear transect from west to east, and those individuals for which PHASE was unable to
assign haplotypes at a probability greater than 0.75 (range: 4 – 21 individuals per locus). With
the remaining individuals (Table 4.3), we used a procedure similar to Macholan et al. (2007) to
generate a linear transect spanning the hybrid zone. First, for localities 3 – 23 we averaged the
frequency of P. cyanea alleles across all seven loci (Figure 4.1C). In the case of MYO2, we only
included those alleles that could be unambiguously assigned to either P. amoena or P. cyanea,
thus the most common allele was not included in this calculation. Next, using the Contour Plot
option in JMP 5.1, we plotted the 0.5-isocline using x and y coordinates and average allele
frequencies of localities 3 – 23, which are those populations within the previously described area
of overlap between P. amoena and P. cyanea. Treating this 0.5-isocline as the center of the zone,
we measured the shortest straight-line distance between all sampling localities and the 0.5isocline. Since all individuals from Washington (population 1), Minnesota (24), Illinois (25) and
Michigan (26) were not from the same sampling locality within the respective states, we plotted
all sampling localities in Google Earth and then picked a point at the estimated center of the
resultant centroid. In this way, the samples from Washington, Minnesota, Illinois and Michigan
were collapsed into a single locality for each state (Table 4.1). The farthest sampling locality
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Table 4.3 Cline shape parameters (2-unit likelihood support limits) for locus specific and combined loci datasets analyzed
in this study.
Dataset

N1

mtDNA2

222

c (km from pop1)
1262
(1232 - 1297)

w (km)
223
(158 - 305)

θL
0.2419
(0.0158 - 0.8157)

θR
0.4099
(0.0441 - 0.8189)

zL
945
(81 - 994)

zR
604
(80 - 997)

1353
(1319 - 1394)
1328
(1294 - 1360)
1361
(1334 - 1385)

268
(185 - 346)
245
(159 - 310)
309
(241 - 375)

0.4423
(0.0500 - 0.8578)
0.1718
(0.0456 - 0.7798)
0.1521
(0.0641 - 0.8372)

0.0353
(0.0152 - 0.1800)
0.0181
(0.0088 - 0.0453)
0.0143
(0.0087 - 0.0397)

595
(163 - 994)
791
(80 - 1000)
511
(123 - 967)

692
(44 - 965)
1000
(570 - 1000)
999
(539 - 1000)

1259
(1225 - 1350)
1312
(1258 - 1365)
1703
(1427 - 1915)
1309
(1282 - 1362)
1333
(1294 - 1354)

175
(110 - 236)
461
(295 - 648)
523
(399 - 632)
243
(159 - 313)
466
(344 - 545)

0.0017
(0.0008 - 0.0043)
0.0308
(0.0125 - 0.1008)
0.0082
(0.0064 - 0.0192)
0.0159
(0.0080 - 0.0728)
0.0242
(0.0138 - 0.0377)

0.0202
(0.0102 - 0.7394)
0.0362
(0.0182 - 0.1455)
0.0082
(0.0066 - 0.0167)
0.0219
(0.0091 - 0.0480)
0.0255
(0.0147 - 0.0348)

1000
(780 - 1000)
1000
(494 - 1000)
999
(722 - 1000)
999
(275 - 1000)
1000
(815 - 1000)

1000
(108 - 1000)
1000
(418 - 1000)
999
(711 - 1000)
1000
(640 - 1000)
999
(816 - 1000)

z-linked
ALDOB3

388

BRM15

379

z-linked3

-

autosomal
GADPH

428

MC1R

386

MYO2

402

RHO1

434

autosomal4

-

1

Number of individuals (mtDNA) or number of chromosomes (all other loci) sampled for cline analyses

2

Combined dataset of ND3 and Cont. Region haplotypes

3

Combined dataset of ALDOB3 and BRM15 alleles

4

Combined dataset of GADPH, MC1R and RHO1 alleles
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(WA) was then set to 0 km and the location of all other localities was recalculated accordingly,
resulting in a linear transect from WA to MI (Table 4.1).
Along this transect, we investigated introgression patterns using the methods developed
by Szymura and Barton (1986, 1991) and implemented in the program ClineFit (Porter et al.
1997). These methods estimate cline shape parameters using three equations that model the
relationship between allele frequency data within a sampling locality and the geographic location
of those localities. The first equation (1) describes a symmetrical, sinusoidal shape in the center
of the cline and the other two equations (2, 3) the exponential change in allele frequencies on the
left and right sides of the cline:
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In these equations, c represents the location of the center of the cline (measured in km from the

! WA locality), w is the cline width (1/max slope) and x is the geographic location along the
sampling transect (km from WA locality). In equations 2 and 3, zL and zR describe the distance
from the center (c) of a vertical asymptote for the exponential decay of allele frequencies on the
left and right side of the zone, respectively. The parameters, θL and θR are the exponential decay
values relative to the shape of the central cline (eq. 1) on the left and right sides. The three
equations are related in that as the parameters z and θ approach zero and 1, equations 2 and 3
approach the shape of equation 1 on their respective sides of the zone.
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Together, these parameters can be used to explore introgression patterns of different loci
across a hybrid zone. The center of the zone (c) is the point along the transect where allele
frequencies change most rapidly and the width of the zone (w) provides an estimate of the
geographic distance over which that rapid change in allele frequencies occurs. The parameters θL
and θR describe the exponential rate of change in allele frequencies in the western and eastern
tails of the cline and zL and zR provide information on the geographic distance over which the
exponential decay in the tails occurs.
For each locus, as well as combined autosomal loci and combined z-linked loci datasets
(n = 9 datasets), we tested the fit of two different models using likelihood ratio tests: the twoparameter model, which includes only the center and width parameters, and the six-parameter
model, which estimates the six shape parameters described (Porter et al. 1997; Brumfield et al.
2001). In the majority of tests (seven of nine), the six-parameter model was a significantly better
fit to the data. Thus, to facilitate comparisons between the different datasets, we used the sixparameter model to describe the cline shape for every dataset. The following search parameters
were used in each analysis: burn-in: parameter tries per step – 300; sampling for support:
replicates saved ≥ 2000, and 30 replicates between saves.
Differences in parameter estimates between different loci can be assessed using the twounit likelihood support limits, which are analogous to 95% confidence limits (Edwards 1992).
For example, if the two-unit support limits for the width estimates from two different loci do not
overlap, the difference in the widths would be statistically significant (Porter et al. 1997). We
also assessed differences in cline width by comparing the log likelihood score of the cline
parameter estimates from an unconstrained model with the log likelihood score when the width
was constrained to equal the width estimated from an unconstrained search of another dataset.
For example, we estimated cline shape parameters for the combined z-linked dataset using an
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unconstrained model and compared the resultant likelihood score with the likelihood score when
the width was constrained to equal the width estimated from the combined autosomal dataset. As
above, significance was assessed using a likelihood ratio test.
Since an initial inspection suggested the change in MYO2 allele frequency data across
the transect was not clinal (Figure 4.2), it was excluded from the estimates of combined
autosomal cline shape parameters.
Coalescent Analyses
If introgression of nuclear autosomal alleles is greater than introgression of both mtDNA and zlinked markers, autosomal loci should show increased levels of interspecific gene flow. We
assessed this using the coalescent-based non-equilibrium Isolation with Migration model
implemented in the software program IM (Hey and Nielsen 2004; Hey 2005). By combining
coalescent theory with Bayesian methodologies, IM simultaneously estimates multiple
population genetic parameters for two populations. These parameters, which are scaled to the
neutral mutation rate, µ, include: θ1 = 4N1µ, θ2 = 4N2µ, θA = 4NAµ, t = tµ, m1 = m1/µ, and m2 =
m2/µ. The two migration rates, m1 and m2, allow for inferences of asymmetric introgression, and
can be used to compare gene flow rates between different marker classes (e.g. mtDNA vs.
autosomal, and z-linked vs. autosomal).
Because IM assumes no intralocus recombination and requires fully resolved haplotypes
(i.e. no ambiguous sites) with no gaps, we had to pare down the nuclear DNA sequence datasets.
First, we removed all gaps in the alignments. Second, we included only those individuals for
which PHASE was able to assign haplotypes with a probability of greater than 0.75. We tested
for recombination as described above. Lastly, we used the dominant plumage motif (e.g.
presence of white wing bars and rusty breast band are characteristic of P. amoena males) of each
specimen to assign individual birds to either the P. cyanea or P. amoena population. Because
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Figure 4.2 Maximum-likelihood cline shapes and allele frequencies for each locus specific cline,
as well as for the combined autosomal and z-linked loci datasets. Gray shading indicates
approximate location of contact zone. Cline shape parameters are provided in Table 4.3.
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(Figure 4.2 continued)
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(Figure 4.2 continued)
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females of the two species are difficult to distinguish morphologically, we excluded six females
collected in the contact zone. We also excluded two males for which definitive population
assignment was difficult. Since all individual classifications were the same in each dataset, these
exclusions are unlikely to systematically bias the results. Sample sizes for IM analyses are given
in Table 4.4.
To facilitate comparisons of introgression estimates between different loci, we combined
the sequence data for all loci into a single dataset. From this dataset we estimated one effective
population size (we forced θ1 = θ2 = θA), divergence time (t) and asymmetric introgression rates
(m1 and m2) for each locus. Additionally, we included inheritance scalars in the input file
(mtDNA – 0.25, autosomal – 1.0, z-linked – 0.75) to account for the difference in effective
population sizes due to different ploidy and inheritance modes of the three marker types. We
initially ran IM using the HKY finite substitution model with wide, uninformative priors for > 2
million steps and used these initial runs to identify more appropriate priors (Won and Hey 2005).
These adjusted priors (θ1 = 10, m1 = 10, m2 = 10, t = 10) were then used in two replicate ‘final’
analyses that differed only in starting random number seed. All ‘final’ analyses were run with a
burn-in of 200,000 steps and were allowed to continue until the Effective Sample Size (ESS)
values for each parameter were > 100 (Hey 2005). Convergence was also assessed by inspecting
the plots of parameter trend lines and by comparing the results of the two replicate runs. Since all
parameter estimates for the two replicate runs were qualitatively similar, we only present the
estimates from the longest ‘final’ run of each dataset (number of steps greater than 5 x 107). The
fourteen directional introgression rate estimates (two mtDNA rates – from P. cyanea into P.
amoena and vice-versa, eight autosomal rates (two for each of four loci), and four z-linked rates
(two for each of two loci)) from the longest ‘final’ run were used in comparisons of differential
introgression.
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Table 4.4 Smoothed highpoint coalescent-based estimates (90% HPDs) of per generation asymmetric
introgression rates between P. amoena and P. cyanea.
N1
N1
Introgression from P. amoena into Introgression from P. cyanea into P.
P.
P.
P. cyanea
amoena
cyanea
amoena
Locus
mtDNA
117
121
0.065 (0.005 - 0.286)
0.473 (0.252 - 0.882)
z-linked
ALDOB3
BRM15

222
193

214
223

1.225 (0.385 - 3.055)
0.375 (0.075 - 1.105)

0.305 (0.005 - 1.115)
0.455 (0.085 - 1.295)

autosomal
GADPH
242
234
0.355 (0.045 - 1.155)
1.505 (0.525 - 3.225)
MC1R
200
236
0.015 (0.005 - 2.435)
0.405 (0.005 - 2.355)
MYO2
222
222
1.675 (0.005 - 5.685)
0.685 (0.005 - 5.325)
RHO1
242
244
0.175 (0.015 - 0.625)
0.225 (0.005 - 0.925)
1
Sample sizes (N) are the number of individuals (mtDNA) or the number of chromosomes (all other loci)
designated as belonging to either P. cyanea or P. amoena

72

The introgression estimates are scaled to the mutation rate, which is approximately ten
times faster for mitochondrial loci than for nuclear loci (Graur and Li 2000). While less is known
about potential differences in mutation rate between autosomal and z-linked loci in birds, the
available data suggest the average mutation rates are similar (3.6 x 10-9 substitutions/site/year for
autosomal vs. 3.9 x 10-9 substitutions/site/year for z-linked loci; Axelsson et al. 2004). Because
of this difference in mutation rates between mtDNA and nuclear DNA, we divided the
introgression estimates for the mtDNA data by 10 to make the estimates more readily
comparable across loci. We did not adjust either the autosomal or z-linked introgression
estimates. The 90% HPD is the shortest span along the X-axis that contains 90% of the posterior
probability. Non-overlapping 90% HPDs can be used to assess significant differences between
parameter estimates.
RESULTS
No heterozygous sites in the two presumed z-linked loci (ALDOB3 and BRM15) were found in
any females. For four of seven loci, both haplotype diversity (Hd) and nucleotide diversity (π)
were larger in P. cyanea than in P. amoena (Table 4.2). In two datasets, RHO1 and GADPH,
both diversity measures were larger in P. amoena and in the mtDNA dataset, haplotype diversity
was larger in P. cyanea, but nucleotide diversity was higher in P. amoena.
Males that were defined as P. amoena based on plumage patterns (see Coalescent
Analyses above) were found as far east as population 18 and P. cyanea males were found as far
west as population 11 (Figure 4.1). We refer to this region, which is approximately 250 km wide,
as the ‘contact zone.’ No genetically pure individuals of the wrong type (e.g. an individual with
all P. amoena alleles but identified as P. cyanea based on plumage) were found outside of the
contact zone. After excluding the MYO2 data, there were no individuals collected on the east
side of the contact zone with a frequency of P. amoena alleles greater than 0.273. A similar
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pattern was found on the west side: no single individual had a frequency of P. cyanea alleles
greater than 0.364.
Cline Shape Estimates
The centers of all locus-specific clines, with the exception of MYO2, were coincident and fell
within a 64 km range (extremes: GADPH – 1259 km east of population 1 and ALDOB3 – 1353
east of pop. 1; Figure 4.2 and Table 4.3). This 64 km range begins just east of population 17 and
encompasses the mid-point between populations 11 and 18, which form the boundaries of the
contact zone (see above). Similarly, the cline widths of all locus-specific clines, with the
exception of MYO2, were concordant (Table 4.3). Widths ranged from 175 km (GADPH) to 461
km (MC1R). Cline widths of the other four loci (mtDNA, ALDOB3, BRM15 and RHO1) were
all between 223 and 268 km, approximately the same width as the contact zone (~250 km).
Overall, the estimates of cline center were less variable (coefficient of variation = 0.028) than the
estimates of cline width (c.v. = 0.368). There was no association between the locus-specific
estimates of cline center and width (ANOVA P > 0.4).
The cline centers of the combined autosomal (1333 km east of pop. 1; minus MYO2) and
z-linked (1361 km east of pop. 1) datasets were coincident (Table 4.3), but shifted east from the
mtDNA cline center (1262 km east of pop. 1; Figure 4.2 and Table 4.3). The autosomal cline
width was 466 km (2-unit likelihood support limits: 344 – 545 km), significantly greater than the
mtDNA width (223 km; 2-unit likelihood support limits: 158 – 305 km), and greater than the zlinked cline width (309 km). The difference in cline widths between the autosomal and z-linked
clines was almost significant using the non-overlapping support limits criterion (autosomal 2unit likelihood support limits: 344 – 545 km; z-linked: 241 – 375 km). Forcing the z-linked
width to equal to autosomal width (466 km) resulted in a significantly worse fit of the data to the
model (χ2 = 32.1, d.f. = 1, P < 0.0001). The difference in the mtDNA and z-linked cline widths
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was not significant by either method (2-unit likelihood support limits: Table 4.3), although
forcing the mtDNA width to be 309 km (the z-linked width) resulted in a worse fit that was close
to significant (χ2 = 2.85, d.f. = 1, P = 0.09). As with the locus-specific clines, the cline center
estimates for the combined datasets were less variable (c.v. = 0.015) than the cline width
estimates (c.v. = 0.286).
Gene Flow Estimates
With the exception of divergence time (t) the distributions of the posterior probabilities of all
parameter estimates showed a single peak. The smoothed highpoint estimate of θ1 was 2.285
(90% HPD: 1.763 – 2.895). Smoothed high point estimates along with the 90% highest posterior
density intervals (90% HPD) are given for all introgression parameters in Table 4.4. Although
none of the introgression parameter estimates were significantly different by this criterion, as in
the cline shape estimates, the variation in locus-specific introgression rates was considerable.
Introgression from P. amoena into P. cyanea estimated from the MYO2 data was more than 100fold greater than mtDNA introgression in the same direction (Table 4.4). No pairwise
comparisons of locus-specific introgression estimates from P. cyanea into P. amoena differed by
more than a factor of seven (Table 4.4).
For all appropriate pairwise comparisons, IM tallies which parameter is larger during
each recorded step (every 10 steps in the chain), and this tally can also be used to assess
differences in parameter estimates. For any given locus the proportion of steps in which the
estimate of introgression from P. cyanea into P. amoena is greater than in the opposite direction
is indicative of asymmetric introgression at that locus; the opposite pattern is also possible.
Using this criterion, mtDNA introgression from P. cyanea into P. amoena is significantly greater
than mtDNA introgression from P. amoena into P. cyanea (proportion of recorded steps where
the introgression estimate into P. amoena was larger than in the opposite direction: 0.979). While
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not significant at an α = 0.05, introgression estimates at two other loci were asymmetric. Like the
estimates for the mtDNA data, introgression estimates for GADPH were greater from P. cyanea
into P. amoena (proportion: 0.946). Introgression of ALDOB3 alleles was also asymmetric, but
in the opposite direction. In most steps the estimate from P. amoena into P. cyanea was larger
than from P. cyanea into P. amoena (proportion: 0.902). In all other locus-specific comparisons
of asymmetric introgression estimates, the proportion of steps in which introgression in one
direction was larger than in the other direction was never greater than 0.643.
To compare the coalescent-based introgression estimates with the average mtDNA,
autosomal and z-linked cline widths, we calculated a mean introgression rate for each class of
genetic marker (mtDNA, autosomal, z-linked) from the IM parameter estimates. These means
were calculated as the sum of all smoothed highpoint introgression parameter estimates within a
marker class, divided by the number of parameters. The average autosomal introgression
estimate was the largest (0.63 genes per generation, scaled to the mutation rate µ), followed by
the z-linked estimate (0.59) and the mtDNA estimate (0.27).
DISCUSSION
In this study, we conducted the first detailed genetic characterization of the Passerina bunting
hybrid zone, using DNA sequence data collected from a suite of mtDNA, autosomal and z-linked
loci. These data were used to test hypotheses relating to the differential introgression of different
marker classes across the hybrid zone. Our results demonstrate that mtDNA and z-linked loci
exhibit reduced introgression relative to autosomal markers (Figure 4.2 and Table 4.3), but there
is also some among-locus variance between the locus-specific introgression estimates (Figure 4.2
and Table 4.3). These findings are consistent with theoretical predictions of Haldane’s rule as
well as with empirical results in other systems, but are the first of their kind in an avian system.
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We also found some support for the hypothesis that mtDNA would introgress less than zlinked loci. The coalescent-based estimate of mtDNA introgression was lower (0.27 genes per
generation, scaled to the mutation rate µ) than for z-linked loci (0.59), The estimates of cline
width suggest that mtDNA (223 km) introgressed less than z-lined loci (309 km), but the
difference was not significant. To our knowledge, this is the first attempt to systematically
compare introgression patterns of mtDNA, autosomal and z-linked loci between taxa with a ZW
sex-determination system, so at this point it is difficult to assess whether these results are part of
a general pattern.
Maintenance of Passerina Hybrid Zone
Multiple lines of evidence suggest that the introgression patterns seen across the markers
sampled in this study cannot be explained solely by neutral diffusion following secondary
contact. In the absence of selection, the neutral diffusion model (Endler 1977; Barton and Gale
1993), can be used to approximate the width of any cline across a hybrid zone using estimates of
root-mean-square (RMS) dispersal distance (σ) and time (t), in generations, since contact (w =
2.51σ t ; Barton and Gale 1993). In Passerina buntings reliable estimates of both RMS and
time since contact are unavailable, but we can place limits on these variables to explore what the

! hybrid zone might look like under the neutral diffusion hypothesis.
Representative estimates of RMS in other North American passerines range from ~30 km
(Dendroica occidentalis and D. townsendi warblers; Rohwer and Wood 1998) to ~150 km
(Catharus ustulatus; Ruegg 2008). Although based on only two individuals, recapture data of P.
cyanea banded as nestlings indicates dispersal from natal sites can be quite large (52 and 350
km; Payne 1992). Given the lack of any RMS estimates in Passerina buntings, we can only use
the estimates from other species as a rough guide. Individuals of P. amoena were reported to be
breeding in eastern South Dakota (near population 22) in 1888 (Sibley and Short 1959), which
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indicates that the two species have likely been in contact for at least 120 generations (assuming
generation time = 1 yr). Thus, the breeding ranges of P. amoena and P. cyanea may have been in
contact for at least 3500 years, as a warming trend between 6500 – 3500 years ago resulted in the
expansion of oak (Quercus) savannas in the mid-west and central prairie regions of North
America (Abrams 1992). Such oak savannas, along with associated undergrowth species, likely
provided suitable breeding habitat for Passerina buntings (Payne 1992; Greene et al. 1996).
Using a conservative estimate of 30 km for RMS dispersal and 120 – 3500 years as limits on
time since contact, the neutral diffusion models predicts the Passerina hybrid zone should be
~830 – ~4450 km wide. The widths of all clines, from both the locus-specific and combined
datasets, were narrower than even the most conservative estimate provided by the neutral
diffusion model (~830 km), thus selection appears to be maintaining the hybrid zone width, at
least at some loci.
Our results also uncovered a pattern of different cline widths and coalescent-based
estimates of introgression among loci, which contradicts the predictions of neutral diffusion
following secondary contact. Asymmetric introgression estimates indicate that introgression of
mtDNA haplotypes was significantly skewed in a westward direction, from P. cyanea into P.
amoena, and a similar pattern was found for GADPH (Table 4.4). In contrast, the opposite
pattern was found for ALDOB3, introgression into P. cyanea was much greater than into P.
amoena (Table 4.4). Such differences in introgression patterns, both between loci and in
direction, contradict the predictions of neutral diffusion. We cannot reject the possibility that
drift has played a role in producing the introgression patterns seen here. For example, the
differences in cline widths among the autosomal loci may be due to drift, but it is unlikely that
drift has been the most important process shaping the patterns of introgression across the
Passerina hybrid zone.
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Since neutral diffusion is an unlikely explanation for the introgression patterns we
observed, alternative explanations for the maintenance of the Passerina hybrid zone are required.
The general geographic location of the hybrid zone coincides with the Great Plains – Rocky
Mountain ecotone (Swenson and Howard 2004, 2005), raising the possibility that the boundedsuperiority hypothesis (Moore 1977), wherein hybrid individuals have increased fitness over
parental types in the intermediate environment occurring at the transition between two
ecosystems may explain the Passerina hybrid zone maintenance. However, ecological niche
modeling suggests that the fundamental niche of the Passerina hybrid zone is much wider (~750
km from eastern Wyoming to western Iowa) than estimated in this study (Swenson 2006). If
hybrids are indeed more fit than parentals in transitional habitats, the hybrid zone should cover
the entire area of transitional habitat, but that is not the case. Additionally, numerous ‘pure’
parentals of both species are found within the hybrid zone (Baker and Boylan 1999), which is in
the area of transitional habitat (Swenson 2006), and field studies conducted in the hybrid zone
found that pairings involving at least one hybrid individual fledge fewer young than pairings
between non-hybrid individuals (Baker and Boylan 1999).
The available data, from our genetic work, field studies of reproductive success in
hybrids and ecological niche modeling, all point to some type of selection against hybridization
playing a prominent role in the maintenance of the Passerina hybrid zone. What the selection
pressure is remains unknown, but previous studies suggest a number of possibilities. One
interesting hypothesis implicates differences in the molt schedules of P. cyanea and P. amoena
(Rohwer and Johnson 1992; Voelker and Rohwer 1998). Passerina amoena individuals begin
their prebasic molt before leaving breeding areas in August and migrate to a molting ‘hotspot’ in
southern Arizona and New Mexico or in southern Baja California (Greene et al. 1996). They
generally stay at these molting ‘hotspots’ for one month while they complete the prebasic molt
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before continuing on to their wintering grounds in western Mexico. In contrast, P. cyanea
individuals leave the breeding areas approximately one month later, having already undergone
their prebasic molt, and migrate directly to their wintering grounds in Central and northern South
America (Payne 1992). It is possible then, that hybrid individuals might undergo two prebasic
molts, one on the breeding grounds, as seen in P. cyanea, and another sometime later, as in P.
amoena. Alternately, there may be other delays in either the timing of molt or migration that
jeopardize hybrid survival or future reproductive success (Helbig 1991; Ruegg 2008). While our
data cannot address adequately the role the differences in the timing of molt and migration may
play in reducing hybrid fitness, these potential problems seem unlikely to be the sole selective
agent. At least some hybrid individuals do return to the breeding grounds as evidenced by our
work and the work of many others (Sibley and Short 1959; Emlen et al. 1975; Kroodsma 1975;
Baker and Boylan 1999).
Another explanation may be that the intermediate plumages and songs of hybrid males
limit their ability to acquire territories and mates. Females of both species routinely give more
copulation-solicitation displays to con-specific males than to heterospecific males in experiments
with captive birds (Baker 1996). Interestingly, females appear to take more cues from plumage
than song, perhaps because male Passerina buntings are capable of altering their song from one
year to the next (Payne 1981), which subsequently reduces the reliability of song as an accurate
indicator of a male’s genetic makeup. In sympatry, pure plumaged parentals mate assortatively
but hybrid females mate randomly, which also implies sexual selection against hybrid males
(Baker and Boylan 1999).
When all the data are taken into consideration, the Passerina hybrid zone appears to be
maintained by some type of selection against hybrids. Whether the selective pressure is mediated
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through problems associated with molt and migration, sexual selection against hybrid males, or
some other endogenous selective force remains to be elucidated.
Comparing ClineFit and IM Results
Generally, the cline-based and coalescent-based analytical methods produced the same results –
introgression of mtDNA and z-linked loci was less than introgression of autosomal loci. The
differences seen can likely be attributed to the differences in what the two techniques are
estimating. ClineFit describes the sigmoidal change in allele frequencies across the geographic
transect. Alleles found on the ‘wrong’ side of the hybrid zone (e.g. a P. cyanea GADPH allele
found in a P. amoena individual in population 7) extend the width of the hybrid zone. As such,
there is a chance that if alternate alleles are not fixed at each end of the transect, cline widths
may be overestimated since the presence of the ‘wrong’ allele is assumed to be introgression
when it may in fact be retained ancestral polymorphism. This may explain the difference
between the wide MC1R cline (Table 4.3) and the fairly limited rates of introgression of MC1R
estimated using IM (Table 4.4). The presence of P. cyanea alleles on the west end of the transect
resulted in a wide cline, but IM likely attributed the presence of those alleles to the retention of
ancestral polymorphisms that have not yet completely sorted.
The geographic location of the samples can also influence cline-based and coalescentbased inferences of introgression differently. No geographic information is provided as input for
IM analyses, with individual DNA sequences simply classified as belonging to one of two
populations. Therefore, differences like those seen for GADPH, which had the narrowest cline of
any single locus dataset (Table 4.3), but the second highest coalescent-based estimate of
introgression (Table 4.4), might be best explained by geography. There were a relatively large
number of individuals with P. amoena plumage that possessed a P. cyanea GADPH allele, and
vice-versa, leading to the high IM estimates of introgression, but most of those individuals were
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clustered in the contact zone, leading to the narrow cline width. For some loci, the two methods
are quite consistent. For example, the mtDNA cline was relatively narrow and IM estimates of
introgression were low, because few individuals possessed the ‘wrong’ mtDNA haplotype for
their plumage type, but those that did were contained within a narrow geographic region.
Despite the potential for inconsistencies, combining cline-based and coalescent-based
methods offers a great deal of promise for investigating the role of post-divergence introgression
in the formation and maintenance of new species. Certainly, cline-based analyses are more
limited in their ability to separate introgression from the retention of ancestral polymorphisms
and cannot be used to estimate divergence times of loci with interesting introgression patterns.
While coalescent-based methods are continually improving (Putnam et al. 2007; Rosenblum et
al. 2007), they are not precisely designed to explore the impact of introgression in a geographical
setting. That said, it seems possible that researchers could set up a geographically structured
analytical design to take advantage of the benefits of coalescent-based methods. By
hierarchically analyzing two populations at increasing distances from each other, levels of
introgression across a landscape may be estimated using current coalescent-based methods.
Genetics of Reproductive Isolation
Our results support the findings of both theoretical (Coyne and Orr 1989; Kirkpatrick and
Ravigne 2002; Coyne and Orr 2004; Kirkpatrick and Hall 2004) and empirical studies in other
systems (True et al. 1996; Prowell 1998; Jiggins et al. 2001; Tao et al. 2003; Counterman et al.
2004; Payseur et al. 2004) that the sex-chromosomes likely play a relatively important role in
maintaining reproductive isolation between closely related taxa. Cline-based analyses such as
this have identified X-linked candidate regions for reproductive isolation as well as candidate
regions for adaptive introgression across the Mus musculus / M. domesticus hybrid zone (Payseur
et al. 2004). Given the reduction in z-linked introgression, relative to autosomal loci, seen in this
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study, further investigations of the introgression patterns of additional loci distributed along the
z-chromosome are warranted.
In Ficedula flycatchers, phylogenetic analysis of mtDNA, autosomal and z-linked loci
suggest sex-chromosomes play an important role in reproductive isolation between Ficedula
albicollis and F. hypoleuca (Saetre et al. 2003), two species that hybridize where their breeding
ranges overlap in Europe (Saetre et al. 1997; Saetre et al. 1999; Saetre et al. 2001; Veen et al.
2001; Saetre et al. 2003). While introgression patterns of z-linked loci along a geographic
sampling transect have yet to be explored in the Ficedula hybrid zone, their research is the only
other study, besides this study, to have used z-linked loci to investigate the genetics of
reproductive isolation between hybridizing avian species. As the availability of genetic and
genomic resources continues to grow (Backstrom et al. 2008), it is likely that more researchers
will investigate introgression patterns of z-linked loci across avian hybrid zones. Such studies
will be critical to comparative investigations of avian speciation, including whether genes of the
same functional class are routinely involved in reproductive isolation.
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CHAPTER 5: THE ROLE OF THE Z-CHROMOSOME IN MAINTAINING
REPRODUCTIVE ISOLATION BETWEEEN PASSERINA CYANEA AND PASSERINA
AMOENA
Understanding the processes by which new species form is a central goal of evolutionary biology
(Dobzhansky 1937; Mayr 1942; Coyne and Orr 2004) and many speciation studies are interested
in elucidating the genetic mechanisms responsible for the evolution of reproductive isolation
between closely related species. Theoretical and empirical studies support a view in which the
sex-chromosomes are important in speciation (Charlesworth et al. 1987; Coyne and Orr 1989;
Prowell 1998; Jiggins et al. 2001; Saetre et al. 2003; Tao et al. 2003; Payseur et al. 2004). The
theoretical arguments are derived primarily from Haldane’s rule (Haldane 1922), which states
that in the formation of a hybrid between differentiated taxa it is usually the heterogametic sex
that is inviable or infertile. The dominance theory of Haldane’s rule, based on the DobzhanskyMuller (D-M) incompatibility model (Dobzhansky 1937; Muller 1940, 1942), states that
inviability or sterility arises from the interaction between two genes that evolved incompatible
alleles in allopatry. If the alleles causing hybrid incompatibility are recessive, their impact will
be much larger if one or both of the genes are located on the sex-chromosomes.
Much of the empirical support for Haldane’s rule comes from the study of hybrid zones,
geographical regions where closely related taxa that are partially reproductively isolated meet
and interbreed (Hewitt 1988; Harrison 1990; Arnold 1997; Mallet 2005). Through the use of
cline-based analyses (Haldane 1948; Slatkin 1973; Slatkin and Maruyama 1975; Endler 1977;
Barton 1979), hybrid zone research has made important contributions to speciation genetics
(Szymura and Barton 1986; Szymura and Barton 1991; Porter et al. 1997; Rieseberg et al. 1999;
Price and Bouvier 2002; Barbash et al. 2003; Presgraves et al. 2003; Fitzpatrick 2004). Many
hybrid zones are thought to be maintained by a balance between natural selection against hybrids
and the dispersal of parental types into the zone (Barton and Hewitt 1985; Barton and Hewitt
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1989). Under this scenario, the amount of genetic introgression across a zone can be inferred
from the estimated cline widths, which are related to both dispersal rates and the strength of
selection. For a given dispersal distance, narrower clines indicate stronger selective pressures.
Narrow clines may point to chromosomal regions involved in genetic incompatibilities between
divergent taxa. In support of the predictions of Haldane’s rule, many studies have found that sexlinked loci show patterns of reduced introgression relative to autosomal loci (Hagen and Scriber
1989; Tucker et al. 1992; Saetre et al. 2003).
While hybrid zone analyses have been successful in identifying genetic regions with
reduced introgression (Hagen and Scriber 1989; Tucker et al. 1992; Payseur et al. 2004), one
potential complication of using cline-based analyses in the search for candidate regions of
reproductive isolation is the inability of such analyses to distinguish between those loci that may
have been important in the initial stages of population divergence and those loci that diverged
more recently (Coyne and Orr 2004). For example, Presgraves (2003) estimated that
approximately 190 genes are involved in causing hybrid inviability between Drosophila
melanogaster and D. simulans. It is less clear, however, how many of these genes were
important in maintaining reproductive isolation during the early stages of divergence in allopatry
versus how many evolved incompatibilities after reproductive isolation was complete. Because
later substitutions may be incompatible with earlier substitutions, genetic incompatibilities
between species can accumulate quickly once reproductive isolation has been completed (Orr
1995). This supports the hypothesis that the number of genes initially involved in reproductive
isolation might be lower than what can be identified using hybrid crosses and illustrates the
difficulty in trying to determine the timing of the evolution of reproductive isolation.
Methods rooted in coalescent theory can be combined with traditional cline-based
analyses to provide new ways of investigating the genetics of reproductive isolation. Coalescent85

based analyses are capable of estimating a variety of population genetic parameters, such as
effective population size, introgression rates, and divergence time between differentiated
populations, by using information contained in the genealogies of population samples (Wakeley
and Hey 1997; Hey 2005; Hey and Nielsen 2007; Putnam et al. 2007; Rosenblum et al. 2007). As
such, it is possible to investigate differences in divergence time among different loci thought to
be candidates for reproductive isolation. Loci important in the initial stages of divergence
between the focal taxa should have divergence times that are older than divergence time
estimates for loci that contributed less to the early divergence (Putnam et al. 2007). If loci with
older divergence times make a relatively large contribution to the evolution of reproductive
isolation they may also show narrow cline widths that are consistent with a pattern of strong
selection opposing introgression. As such, there may be a negative relationship between cline
width and divergence time (Putnam et al. 2007), a hypothesis we test here.
In this paper we combine cline-based and coalescent-based methods to investigate the
relative contribution of a suite of z-linked loci to reproductive isolation between Passerina
amoena and P. cyanea (Aves: Cardinalidae).
Passerina Bunting Hybrid Zone
Passerina cyanea (Indigo Bunting) and P. amoena (Lazuli Bunting) are closely related oscine
passerines (Carling and Brumfield 2008a) that hybridize where their breeding ranges overlap in
the western Great Plains and eastern Rocky Mountains of North America (Sibley and Short
1959; Emlen et al. 1975; Kroodsma 1975; Baker and Baker 1990; Baker 1991, 1996; Baker and
Johnson 1998). Analyses of mtDNA, autosomal and z-linked loci from individuals collected
along a geographic transect spanning the contact zone demonstrated that the genomes of these
two species are semi-permeable to introgression (Carling and Brumfield 2008b). In accordance
with the predictions of the dominance theory of Haldane’s rule, autosomal loci showed greater
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average levels of introgression than either mtDNA or z-linked loci. Interestingly, introgression of
the two z-linked loci (BRM15 and ALDOB3) was asymmetric, with much greater levels from P.
amoena into P. cyanea than in the opposite direction.
These results suggest that the z-chromosome may be a fertile ground for investigations of
the genetic basis of reproductive isolation in avian systems. Additionally, the overall pattern of
asymmetric introgression pattern suggests adaptive introgression may also be occurring. Here,
using the Passerina bunting hybrid zone as a model, we characterize patterns of introgression
among 10 z-linked loci to explore the role of the sex-chromosomes in avian speciation. We also
investigate the interplay between locus-specific divergence time and cline width to test the
hypothesis that loci with older divergence times between P. cyanea and P. amoena show reduced
cline widths when compared to loci with more recent divergence times.
METHODS
Sampling, Amplification and Sequencing
We collected population samples of Passerina cyanea, P. amoena and P. cyanea x P. amoena
hybrids, during May, June and July 2004 – 2007 from 21 localities spanning the contact zone
(Figure 5.1, Table 5.1 and Appendix). For reference, we also acquired samples from allopatric
populations of P. cyanea and P. amoena east and west of the contact zone, respectively (Figure
5.1, Table 5.1 and Appendix), resulting in 222 individuals collected from 26 populations. All of
these individuals were included in previous research on the Passerina hybrid zone (Carling and
Brumfield 2008b).
We extracted genomic DNA from ~25mg of pectoral muscle from all sampled
individuals using either standard phenol/chloroform methods or a DNeasy Tissue Kit (QIAGEN
Inc., Valencia, CA) following the manufacturer’s recommend protocol. Each individual was
amplified at 10 z-linked loci (Table 5.2), two of which (ALDOB3 and BRM15) were examined
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Figure 5.1 A) Principal breeding distributions and allopatric sampling localities for Passerina
amoena and P. cyanea. B) Sampling localities in and near the contact zone. White box indicates
approximate location of the contact zone and dark background shading represents elevation in
the region. Digital maps (Ridgely et al. 2003) for each species were downloaded from
NatureServe (2006) and modified. Numbers of sampling localities refer to more detailed location
information in Table 5.1.
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Table 5.1. Sampling localities, sample sizes and distance along sampling transect of
individuals analyzed in this study.
Long.

N

WA
47.8
-118.9
ID
44.1
-116.2
MT: Custer National Forest #1
45.1
-108.5
WY: Bighorn National Forest #1
44.8
-107.3
WY: Bighorn National Forest #2
44.6
-107.7
CO: Roosevelt National Forest
40.7
-105.2
MT: Custer National Forest #2
45.7
-106.0
WY: Medicine Bow National Forest
42.4
-105.3
ND: Little Missouri National Grassland
46.8
-103.5
SD: Custer National Forest
45.3
-103.2
1
WY: Sand Creek
44.5
-104.1
1
NE: White River
42.6
-103.5
SD: Black Hills National Forest
43.7
-103.8
NE: Ponderosa State Wildlife Management
14 Area
42.6
-103.3
SD: The Nature Conservancy Whitney
15 Preserve
43.3
-103.6
16 NE: Nebraska National Forest
42.8
-102.9
17 SD: Ft. Meade National Recreation Area
44.4
-103.5
18 NE: Nenzel1
42.8
-101.1
19 NE: The Nature Conservancy
42.8
-100.0
Niobrara Valley Preserve
20 SD: Carpenter Game Production Area
43.7
-99.5
21 ND: The Nature Conservancy
46.3
-97.3
Pigeon Point Preserve
22 NE: Wiseman State Wildlife Area
42.8
-97.1
23 SD: Newton Hills Game Production Area
43.2
-96.6
24 MN
44.9
-93.7
25 IL
40.5
-88.9
26 MI
42.3
-83.7
1
Access to these localities generously provided by private landowners

29
3
4
8
2
7
5
3
13
10
14
8
5

Distance
from
locality
1 (km)
0
232
842
943
944
946
1003
1072
1083
1191
1198
1203
1225

7

1227

3
8
4
4
18

1243
1245
1250
1395
1479

13
4

1492
1557

10
13
10
10
7

1670
1721
1861
2322
2714

Code

Locality

Lat.

1
2
3
4
5
6
7
8
9
10
11
12
13
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in a previous study of the hybrid zone (Carling and Brumfield 2008b). We checked the genomic
location of all loci by BLASTing Passerina sequence data against the chicken (Gallus gallus)
genome. Additionally, we found no heterozygous sites in any females.
To amplify loci we used the following PCR conditions in a 25 µl reaction: ~40 ng
template DNA (2 µl of DNA extracts), 1 µl of 10 mM dNTPs (2.5 mM each dATP, dTTP, dCTP,
dGTP), 1 µl of each primer (10 mM, Table 5.1), 2.5 µl 10 X Buffer with MgCl2 (15 mM), 0.1 µl
Taq (5 U/µl of either AmpliTaq DNA Polymerase, Applied Biosystems Inc., Foster City, CA or
Taq DNA Polymerase, New England Biolabs, Ipswich, MA), and 17.4 µl sterile dH2O. The
thermocycling profile was as follows: an initial 95° denaturation for 2 mins followed by 35
cycles consisting of a 30 sec, 95° denaturation step, a 30 sec, locus specific temperature primer
annealing step (Table 5.2), and a 2 min, 72° extension step, and a final extension of 5 mins at
72°. To check for amplification we electrophoresed 2.5 µl of each PCR product on a 1% Agarose
gel.
We cycle-sequenced both strands of all PEG-purified PCR amplicons in a 7 µl reaction
using 1.5 µl of 5 X sequencing buffer (ABI), 1 µl of 10mM primer (Table 5.2), 2.0 µl of
template, 0.15 – 0.25 µl Big Dye Terminator Cycle-Sequencing Kit v 3.1 (ABI), and 2.25 – 2.35
µl sterile dH2O. We cleaned cycle-sequencing products on Sephadex (G-50 fine) columns and
electrophoresed the cleaned products on a 3100 Genetic Analyzer (ABI). All sequences were
edited and assembled using Sequencher v 4.7 (GeneCodes Corp., Ann Arbor, MI). When direct
sequencing of purified PCR amplicons revealed more than one heterozygous site within a
sequence, we resolved haplotypes probabilistically using PHASE (Stephens et al. 2001; Stephens
and Donnelly 2003).
To identify the largest independently segregating block of sequence data for all loci we
used a panel of individuals from outside the contact zone (Figure 5.1) to test for intralocus
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Table 5.2 PCR conditions, sequence lengths, primer sequences, and GenBank accession numbers for z-linked loci.
Annealing Length
Locus
Temp
(bp)1
PCR/sequencing primers2
Internal sequencing primers3
GPBP1
54
110
F: CTT TTG TGG ACG GAG AAT CG
NA
R: ATT TCT GCC TTG TGA ACG CC
NA
PPWD1
56
85
F: AAC TGT GGA AAA CTT CTG TG
NA
R: TCA TCT TCA AAT TCT CCT CC
NA
24105
58
199
F: CCY AAA GGA GCT GTA CCA GC
F: ACC GCA TAT GCT CAC ATT GTC C
R: CTC TTT CCT GTA CGA ATC AC
R: AAA GGA GCT GTA CCA GCA TAC CTG C
BRM15
60
300
F: AGC ACC TTT GAA CAG TGG TT
NA
R: TAC TTT ATG GAG ACG ACG GA
NA
VLDLR9
60
240
F: AAG TGT GAA TGT AGC GCT GG
NA
R: TCG GTT GGT GAA AAT CAG AC
NA
PTCH6
49
73
F: CCA TTT TCT TCC AAG CAA TA
F: CCA ACA TGG TCT TTA ACA TCC AT
R: TTT CTT GAC AGT CCA TAG CA
NA
24555
54
197
F: CCT CCA GAT ATT TCA TTC CC
NA
R: AAT GGA AAT GGC TGA ACT TG
R: ATC ACA CGT AAT CTT GCC CAG GAC
RIOK2
49
69
F: ATG GGT GTT GGC AAA GAA TC
F: TGG AAC GCT ATC TTG GTT CYT GCT
R: GCT CCT CTT CRT TWG CAA CAA T
R: TCC TTC CTG AGC AAT RGA CAG ACA
IQGAP2
58
70
F: TCG ATT CAG AGT TTG CGA GC
F: GGA GTG AGC TCT TCA GAA CTT TGG CT
R: TCA TGG AGT GAG CTC TTC AG
R: TGG CAA ACC TCT CCC TGT ACT TGA
ALDOB3
61
111
F: GGCAGGAACAAATGGAGAAACT
F: CAC TTG GCA AAG TCA GCA CCA TCT
R: GCCAGAACCTGAAAACAGGAG
NA
1
Length of longest independently segregating block.
2
PCR and external sequencing primer references: GPBP1, PPWD1, 24105, IQGAP2, 24555 - Backstrom et al. 2006; BRM15,
VLDLR9, PTCH6 - Borge et al. 2005, RIOK2 - A. Brelsford pers. comm.; ALDOB3 - G. P. Saetre pers. comm.
3
Internal sequencing primer references: 24105, PTCH6, 24555, RIOK2, IQGAP2 - this study; ALDOB3 - Carling and Brumfield
2008b.
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recombination using the four-gamete test as implemented in DnaSP v 4.10 (Rozas et al. 2003).
To assign haplotypes as belonging to either P. cyanea or P. amoena, we used TCS v 1.21
(Clement et al. 2000) to build parsimony-based haplotype. Individual haplotypes with
frequencies ≥ 0.80 in the ‘allopatric’ P. amoena population (WA) were classified as P. amoena
haplotypes. Alternately, haplotypes with frequencies greater than 0.80 in the ‘allopatric’ P.
cyanea population were designated as P. cyanea haplotypes. For two loci, GPBP1 and RIOK2,
phased haplotypes could not be assigned to P. cyanea or P. amoena using the above criterion,
thus in the cline analyses (see below) we estimated shape parameters for the most common
haplotype only. All statistical analyses were performed using JMP v 5.0.1.2 (SAS Institute Inc.,
Cary, NC).
One general caveat to this study stems from the lack of a linkage map for Passerina
buntings. In all analyses for which we investigated the relationship between introgression and
genomic location of each locus, we assumed the genomic location data used is the location in the
chicken genome (build 2.1; ICGSC 2004). While few avian linkage maps are available for
comparison, z-chromosome linkage maps have been recently published for Ficedula flycatchers
(Backstrom et al. 2006) and zebra finches (Taeniopygia guttata; Itoh et al. 2006). Both Ficedula
flycatchers and zebra finches are members of the avian order Passeriformes, which also includes
Passerina buntings, and comparisons between these linkage maps and the chicken genome
suggest a high degree of gene content conservation but less conservation of the physical location
of z-linked genes. While we are confident these loci are located on the z-chromosome in
Passerina buntings, their exact location remains uncertain.
Cline Analyses
For the cline-analyses we excluded those individuals for which PHASE was unable to assign
haplotypes at a probability greater than 0.75 (sample sizes given in Table 5.3). Cline shape
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parameters were estimated using the same linear transect as described in Carling and Brumfield
(2008b). To generate the transect we plotted the 0.5-isocline using x and y coordinates and
average allele frequencies of sampling localities 3 – 23, which are those populations within the
previously described area of overlap between P. amoena and P. cyanea. This 0.5-isocline was
considered the center of the zone and the shortest straight-line distance between all sampling
localities and the 0.5-isocline was measured. The samples from Washington, Minnesota, Illinois
and Michigan were collapsed into a single locality for each state (Table 5.1). The farthest
sampling locality (WA) was set to 0 km and the location of all other localities was recalculated
accordingly, resulting in a linear transect from WA to MI (Table 5.1).
The program ClineFit (Porter et al. 1997) implements the methods developed by Szymura
and Barton (1986; 1991) to investigate introgression patterns along the sampling transect. These
methods estimate cline shape parameters using three equations that model the relationship
between allele frequency data within a sampling locality and the geographic location of those
localities. The first equation (1) describes a symmetrical, sinusoidal cline in the center of the
cline and the other two equations (2, 3) describe the exponential change in allele frequencies on
the left and right sides of the center of the cline:
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In these equations, c represents the location of the center of the cline (measured in km from the

! WA locality), w is the cline width (1/max slope) and x is the geographic location along the
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sampling transect (km from WA locality). In equations 2 and 3, zL and zR describe the distance
from the center (c) of a vertical asymptote for the exponential decay of allele frequencies on the
left and right side of the zone, respectively. The parameters, θL and θR are the exponential decay
values relative to the shape of the central cline (eq. 1) on the left and right sides. The three
equations are related in that as the parameters z and θ approach zero and 1, equations 2 and 3
approach the shape of equation 1 on their respective sides of the zone.
Together, these six parameters can be used to explore introgression patterns of different
loci across a hybrid zone. The center of the zone (c) is the point along the transect at which allele
frequencies change most rapidly and the width of the zone (w) provides an estimate of the
geographic distance over which that rapid change in allele frequencies occurs. The parameters θL
and θR describe the exponential rate of change in allele frequencies in the western and eastern
tails of the cline and zL and zR provide information on the geographic distance over which the
exponential decay in the tails occurs.
For each of the ten loci, we tested the fit of three different cline models using likelihood
ratio tests: the two-parameter model, which includes only the center and width parameters, the
six-parameter model, which includes c, w, θL, θR, zL, and zR and an eight parameter model that
allows for allele frequencies that do not reach fixation (0.0 and 1.0) for alternate alleles on the
right and left sides of the cline, respectively (Porter et al. 1997; Brumfield et al. 2001). For each
locus we used the most appropriate model to estimate the final cline shape parameters (Table
5.3). The following search parameters were used in each analysis: burn-in: parameter tries per
step ≥ 50X the number of parameters being estimated (2, 6 or 8); sampling for support: replicates
saved ≥ 2000, and 50 replicates between saves (Porter et al. 1997).
Differences in parameter estimates between different loci were assessed using the twounit support limits, which are analogous to 95% confidence limits (Edwards 1992). For example,
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Table 5. 3 Maximum-likelihood cline shape parameters with 2-unit support limits for z-linked loci analyzed in this study.
Dataset

N1

Location
(Mb)2

GPBP1

411

17

PPWD1

391

19.9

24105

416

23.6

BRM15

379

27

VLDLR9

301

27.3

PTCH6

367

41.2

24555

416

43.3

RIOK2

163

50.4

IQGAP2

401

59.6

ALDOB3

388

63.9

c (km from
pop1)
1273
(1241 - 1355)
1346
(1290 - 1420)
1306
(1272 - 1347)
1328
(1294 - 1360)
1227
(1225 - 1228)
1293
(1256 - 1367)
1299
(1265 - 1338)
1404
(1284 - 1822)
1307
(1263 - 1422)
1353
(1319 - 1394)

w (km)

θL3

θR3

zL

zR

pL

pR

260
(157 - 318)
224
(140 - 400)
227
(165 - 314)
245
(159 - 310)
2.8
(1.45 - 17.5)
258
(178 - 441)
230
(165 - 319)
584
(418 - 919)
271
(147 - 436)
268
(185 - 346)

0.0334
(0.0174 - 0.0805)
0.0116
(0.0038 - 0.0531)

0.3518
(0.0332 - 0.7896)
0.0050
(0.0019 - 0.0174)

871
(394 - 999)
999
(437 - 999)

850
(745 - 1000)
999
(558 - 1000)

0.108
(0.085 - 0.123)

0.488
(0.421 - 0.562)

-

-

0.1718
(0.0456 - 0.7798)
0.4692
(0.0026 - 0.9970)
0.0876
(0.0310 - 0.8453)

0.0181
(0.0088 - 0.0453)
0.0000
(0.0000 - 0.0000)
0.0121
(0.0068 - 0.0977)

791
(80 - 1000)
779
(7.4 - 999)
529
(70 - 998)

1000
(570 - 1000)
999
(745 - 1000)
998
(269 - 998)

-

-

-

0.71
(0.639 - 0.772)

-

-

0.0238
(0.0104 - 0.1033)
0.0088
(0.0026 - 0.0434)
0.4423
(0.0500 - 0.8578)

0.0103
(0.0060 - 0.0320)
0.3442
(0.0301 - 0.8276)
0.0353
(0.0152 - 0.1800)

1000
(476 - 1000)
988
(256 - 998)
595
(163 - 994)

1000
(718 - 1000)

-

-

-

-

881 (91 - 995)

-

-

692 (44 - 965)

-

-

1

Number of sampled chromosomes in each dataset

2

Location along the chicken z-chromosome

3

θ parameters indicate rate of exponential decay in the cline tails. θ L > θ R indicates more introgression into P. cyanea than into P. amoena for that locus. θR > θ L indicates the opposite pattern
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if the two-unit support limits for the width estimates from two different loci do not overlap, the
difference in the widths are statistically significant (Porter et al. 1997).
Coalescent Analyses
Divergence times were estimated for each locus using the coalescent-based Isolation with
Migration model as implemented in the software program IM (Hey and Nielsen 2004; Hey
2005). By combining coalescent theory with Bayesian methodologies, IM simultaneously
estimates multiple population genetic parameters for two diverging populations. These
parameters, which are scaled to the neutral mutation rate, µ, include: θ1 = 4N1µ, θ2 = 4N2µ, θA =
4NAµ, t = tµ, m1 = m1/µ, and m2 = m2/µ. The two migration rates, m1 and m2, allow for estimates
of different, asymmetric introgression. Because IM assumes no intralocus recombination and
requires fully resolved haplotypes (i.e. no ambiguous sites) with no gaps, we pared down the
datasets. First, we removed all gaps in the alignments. Second, we included only those
individuals for which PHASE (Stephens et al. 2001; Stephens and Donnelly 2003) was able to
assign haplotypes with a probability of greater than 0.75.
To estimate divergence times between P. cyanea and P. amoena for each locus, we
analyzed datasets containing 21 – 30 sequences (Table 5.4) of P. cyanea and P. amoena from
allopatric populations (IL and MI for P. cyanea, WA for P. amoena). Initially, we estimated one
standardized mutation rate (we forced θ1 = θ2 = θA), divergence time (t) and asymmetric
introgression rates (m1 and m2) for each locus. We first ran IM using the HKY finite sites
substitution model (Hasegawa et al. 1985) with wide, uninformative priors and an inheritance
scalar of 0.75 (since all loci are sex-linked) for more than 50 million steps and used these initial
runs to identify more appropriate priors (Won and Hey 2005). These adjusted priors were then
used in two replicate ‘final’ analyses that differed only in starting random number seed. For
those datasets in which both introgression parameters (m1 and m2) peaked at zero, we only
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Table 5.4 Maximum likelihood estimates (90% highest posterior density (HPD) intervals) of locus-specific divergence
times, θ, and introgression rates.
Samples sizes1
P.
P.
cyanea
amoena

Locus

Location
(Mb)2

GPBP1

17

30

30

0.29 (0.090 - 9.995?)

PPWD1

19.9

30

27

0.655 (0.385 - 9.995?)

24105

23.6

30

23

1.615 (0.615 - 3.435)

27

23

29

1.305 (0.485 - 3.015)

VLDLR9

27.3

30

30

0.265 (0.075 - 9.995?)

PTCH6

41.2

24

26

0.595 (0.305 - 9.995?)

24555

43.3

25

21

1.055 (0.365 - 2.595)

RIOK2

50.4

25

27

0.215 (0.075 - 9.995?)

IQGAP2

59.6

27

30

0.775 (0.355 - 9.995?)

ALDOB3

63.9

27

30

1.025 (0.365 - 2.595)

BRM15

Divergence time (t)3

θ
0.820 (0.299 2.017)
0.167 (0.036 0.976)
3.625 (2.052 6.124)
1.759 (0.852 3.331)
1.238 (0.428 2.214)
0.281 (0.067 0.880)
1.488 (0.651 2.953)
0.349 (0.096 1.019)
0.963 (0.356 1.969)
1.323 (0.603 2.659)

m14
6.225 (0.025 37.675?)
4.325 (1.695 - 9.865)

m24
0.005 (0.005 7.265)
0.005 (0.005 7.265)

-

-

0.015 (0.005 8.345?)

0.005 (0.005 7.065)
0.005 (0.005 4.155)

0.945 (0.015 - 6.335)
-

0.005 (0.005 - 1.595)

0.005 (0.005 15.19?)
0.415 (0.005 2.755)

-

-

7.35 (1.95 - 19.05)

1

Number of chromosomes sampled from allopatric populations (IL, MI for P. cyanea, WA for P. amoena)

2

Location along the chicken z-chromosome

3

'?' indicates a plateau in the posterior probability distribution

4

m1 - introgression from P. amoena into P. cyanea; m2 - introgression from P. cyanea into P. amoena; estimates of 0.005 are effectively zero
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estimated standardized mutation rate (θ) and divergence time (t) in subsequent runs (Table 4).
All ‘final’ analyses were run with a burn-in of 100,000 steps and were allowed to continue until
the Effective Sample Size (ESS) values for each parameter were greater than 100 (Hey 2005).
Convergence was also assessed by inspecting the plots of parameter trend lines and by
comparing the results of the two replicate runs. Because all parameter estimates for the two
replicate runs were qualitatively similar, we only present the estimates from the longest ‘final’
run of each dataset (# steps > 3 x 108).
RESULTS
The contact zone between these species, defined as the geographic area in which both
predominantly plumaged P. amoena and P. cyanea individuals are found, is approximately 250
km wide and extends from population 11 to population 18 (Figure 5.1; Carling and Brumfield
2008b). We found no genetically pure individuals of the wrong type (e.g. an individual with all
P. amoena alleles but possessing a predominantly P. cyanea plumage) outside of the contact
zone.
Cline Shape Estimates
Eight of the ten locus-specific clines were concordant, with widths between 224 and 271 km
(Figure 5.2 and Table 5.3). Of the other two loci, one, RIOK2, had a significantly greater width
(584 km; 2-unit support limits: 418 – 919 km) and the other, VLDLR9, had a significantly
narrower width (2.8 km; 2-unit support limits: 1.45 – 17.5 km). The presence of multiple indels
in RIOK2 resulted in fewer individuals sequenced than for all other loci (Table 5.3) and the
relatively low amount of available data may be responsible for the observed difference in cline
width between RIOK2 and the rest of the loci. There was no relationship between the
chromosomal location of the loci and cline width (ANOVA P > 0.3; Figure 5.3A). The
coefficient of variation of the width estimates was 0.58.
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The centers of all the clines, with the exception of VLDLR9, were coincident and fell
within a region 131 km wide (Figure 5.2 and Table 5.3). The wide support limits of the RIOK2
center estimate (1284 – 1822 km east of pop. 1) were likely the result of reduced sample size of
that locus compared to the others (Table 5.3). The center of the VLDLR9 cline was shifted
significantly to the west (1227 km east of pop. 1; 2-unit support limits: 1225 – 1228). This may
be because of high heterogeneity in allele frequencies among localities on the P. cyanea side of
the zone (Figure 5.2). Overall, the large degree of overlap among the 2-unit support limits of
cline center indicates cline centers are generally coincident across the different loci. There was a
significant positive relationship between cline center and width (y = -2677 + 2.22x, ANOVA P =
0.012), although if either VLDLR9 (center located farthest west) or RIOK2 (farthest east) was
excluded, the relationship lost significance. The estimates of the cline centers were less variable
than the estimates of cline width (c.v. = 0.03).
Estimates of the rate of exponential decay of allele frequencies in the eastern and western
tails of the clines (θL and θR) provided further insight into introgression patterns along the
geographic transect. The estimate of θL was greater than the estimate of θR in six of the eight
datasets (Table 5.3), suggesting that introgression from P. amoena into P. cyanea is greater than
in the opposite direction (Sign test, nobs = 8, P = 0.29). Support for unidirectional introgression
was also found in the coalescent-based estimates (see below).
Divergence Time Estimates
Two independent IM analyses produced similar results, so we present only those results from the
longest run (> 3 x 108). There was considerable inter-locus variation in the estimates of
divergence times and the 90% highest posterior densities for all estimates overlapped (Table
5.4). The most recent divergence time was estimated for RIOK2 (0.215) and the oldest
divergence time for 24105 (1.615). When the divergence times were compared with the genomic
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Figure 5.2 Locus-specific maximum-likelihood cline shapes (line) and allele frequencies
(triangles) plotted against geographic location of sampling locality along transect. Loci presented
in order of their location on chicken z-chromosome. Gray box indicates the approximate location
of the contact zone. Cline shape parameter estimates are provided in Table 5.3.
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(Figure 5.2 continued)
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(Figure 5.2 continued)
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location of the loci, multiple peaks and valleys were found (Figure 5.3B), with no significant
relationship between divergence time and chromosomal location (ANOVA P > 0.5).
In the initial IM analyses for four loci (24105, 24555, ALDOB3, BRM15), both
introgression estimates peaked at zero, so the two migration (m1 and m2) parameters were
removed from the model for those loci (Table 5.4). In five of the remaining six loci,
introgression from P. amoena into P. cyanea (m1 in Table 5.4) was higher than in the opposite
direction (m2). Although this difference was not significant (sign test, nobs = 6, P > 0.2), it may
suggest a pattern of greater introgression from P. amoena into P. cyanea than in the other
direction. This would consistent with the asymmetric introgression pattern found in the cline
analyses (Table 5.4).
If loci with older divergence times have narrower cline widths, there should be an inverse
relationship between divergence time and width. We found no evidence for such a relationship in
our data (ANOVA P > 0.8; Figure 5.4).
DISCUSSION
This first detailed investigation of sex-linked introgression patterns across an avian hybrid zone
identified a candidate region on the z-chromosome that may be involved in the reproductive
isolation of P. cyanea and P. amoena. One locus in particular, VLDLR9, had an extremely
narrow cline width (Table 5.3), suggestive of strong selective pressures that could be impeding
the introgression of alleles at this locus.
We also tested the hypothesis of Putnam et al. (2007) that loci with older divergence
times should introgress less than loci with more recent divergence times. The confidence limits
on the divergence estimates were very large, but we found no evidence of a negative relationship
between divergence time and cline width (Figure 5.4). Assuming divergence began in allopatry,
the predominant mode of speciation in avian systems (Mayr 1942, 1963; Coyne and Price 2000;
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Figure 5.3 A) Scatterplot of cline widths (km) versus genomic location of loci (Mb) on the
chicken z-chromosome. Error bars indicate 2-unit likelihood support limits B) Divergence time (t
= tµ) versus genomic location. Note: Confidence intervals of all estimates overlapped. Genomic
location did not correlate with cline width or divergence time. C) Schematic of genomic location
of loci and the centromere along the chicken z-chromosome.
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Price 2008), early genetic differences between P. cyanea and P. amoena were likely the result of
genetic drift in isolation and these changes may result in older divergence times. However, if
these changes were largely neutral, there is no a priori reason to expect narrow clines of loci with
older divergence times upon secondary contact. Additionally, adaptive evolution has been shown
to be important in reproductive isolation in some systems (Ting et al. 1998; Barbash et al. 2003;
Presgraves et al. 2003). If loci involved in reproductive isolation are the targets of diversifying
selection between species, they may have relatively young divergence times, but narrow cline
widths. Such diversifying selection would be unlikely to produce a negative relationship between
divergence time and cline width.
To our knowledge, this is only the second study that has explored the relationship
between cline width and divergence time, and neither study found a negative association between
divergence time and cline width (Putnam et al. 2007). Until there are more studies with which to
compare, it is difficult to know whether there is a general correlation between timing of
divergence and introgression rates.
Candidate Region for Reproductive Isolation
Given the theoretical relationship between cline width and selection (Endler 1977; Barton and
Gale 1993), estimates of cline width are the most direct assessment of the level of introgression
between P. cyanea and P. amoena and offer the greatest ability to detect loci contributing to
reproductive isolation. If alleles at a particular locus are involved in Dobzhansky-Muller
incompatibilities between hybridizing taxa, selection acting to limit introgression of those alleles
will result in a narrow cline at that locus. In contrast, selection preventing introgression of alleles
at loci not involved in genetic incompatibilities will be less and alleles at those loci will show
broader cline widths.
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Figure 5.4 Scatterplot of divergence time, estimated using IM, and cline width, estimated using
ClineFit.
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The locus with the narrowest cline width (VLDLR9) is located approximately 27 Mb
from the end of the chicken z-chromosome (Figure 5.3C). This region of low introgression is 2 –
2.5 Mb upstream from the centromere (ICGSC 2004), which is located between BRM15 and
24105 (Figure 5.3C). It is possible that VLDLR9 is not directly involved in reproductive
isolation, but is physically linked to other speciation gene(s). There are ~100 genes known to
occur within a 10 Mb region centered around VLDLR, which represents ~14% of the chicken zchromosome (ICGSC 2004). Unfortunately, the functions of many of these genes are unknown,
limiting our ability to speculate which genes offer the most potential for future research, but
there is one interesting candidate.
The VLDLR9 locus is an intron in the VLDLR gene. In chickens, the very low density
lipoprotein receptor (VLDLR) gene is expressed almost exclusively in oocytes, where it
functions in the uptake of circulating yolk precursor macromolecules (Bujo et al. 1994; OconGrove et al. 2007). In certain females of the white leghorn chicken strain, a single nucleotide
mutation in VLDLR causes these females to produce a less than completely functional protein on
the oocyte membrane, which in turn generally results in the failure to lay eggs (Ocon-Grove et al.
2007). There is the potential that the divergent P. cyanea and P. amoena VLDLR alleles do not
function as well in a heterospecific genomic background, which could cause hybrid females to
lay fewer eggs. Although there is no direct evidence that hybrid females produce fewer eggs,
field studies suggest the possibility. In their field study of mating associations between P. cyanea
and P. amoena, Baker and Boylan (1999) tracked the reproductive success of mated pairs in the
contact zone over the course of four years. They found that when the female in a pair was a
hybrid, the pair had a lower chance of producing eggs than if the female was not a hybrid. The
difference was not significant and the sample sizes were small (only six pairings involved a
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hybrid female), but the results point to hybrid female buntings having greater trouble producing
eggs than pure P. cyanea or P. amoena females.
Asymmetric Introgression
Our cline-based analyses indicated that nine of ten loci had introgression tails that extended
further into P. cyanea than into P. amoena (Table 5.3), suggestive of asymmetric introgression.
This finding was also supported by the coalescent-based analyses of divergence time and
introgression. In IM analyses of the locus-specific datasets for which we included introgression
parameters (Table 5.4), five of six estimates of introgression into P. cyanea from P. amoena
were greater than into P. amoena from P. cyanea, although the confidence intervals of all
estimates overlapped. Furthermore, there was a significant positive correlation between the
location of the cline center and width. This general pattern of asymmetric introgression of
multiple sex-linked loci is similar to the pattern seen across the Mus domesticus / Mus musculus
hybrid zone in central Europe (Payseur et al. 2004).
Such asymmetry indicates that the patterns of introgression across the Passerina hybrid
zone may be more strongly influenced by selection against P. cyanea alleles in a P. amoena
genomic background than by selection against P. amoena alleles in a P. cyanea genomic
background. In this scenario, individuals carrying some z-linked P. cyanea alleles in a primarily
P. amoena genome suffer greater reductions in fitness. Interestingly, this pattern was also
observed in a previous study. Carling and Brumfield (2008b) showed that introgression of both
mtDNA haplotypes and autosomal alleles was more symmetrical than z-linked alleles across this
hybrid zone.
There are several mechanisms that could produce asymmetric introgression patterns at
the z-linked loci. First, parental P. amoena males could be dispersing east into the breeding range
of P. cyanea and mating with parental P. cyanea females. If the F1 males subsequently return the
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next breeding season and backcross with pure P. cyanea females, P. amoena alleles would be
incorporated into the P. cyanea genetic background without the incorporation of P. amoena
mtDNA haplotypes. This seems unlikely because P. amoena males are rarely seen east of the
contact zone; we did not detect any P. amoena plumaged males east of population 18.
Furthermore, in birds the general pattern of natal dispersal is that females disperse much greater
distances than males (Greenwood 1980; Greenwood and Harvey 1982). Thus, which raises the
question of if P. amoena females are moving east, why are there no P. amoena mtDNA
haplotypes found east of the contact zone?
A second hypothesis is that the entire hybrid zone is actually moving west, and the P.
amoena z-linked alleles found on the eastern side of the zone have been left behind in the ‘wake’
of the moving hybrid zone (Rohwer et al. 2001; Secondi et al. 2006). The long tail of P. ameona
autosomal alleles extending east is also consistent with the moving hybrid zone hypothesis
(Carling and Brumfild 2008b). That said, a long tail of P. cyanea autosomal alleles extending
west was also found (Figure 5.2), such that P. cyanea alleles are found much farther west than
the advancing front if the hybrid zone were moving west.
While we cannot completely reject either the long-distance dispersal of P. amoena males
or the moving hybrid zone hypotheses, the available data are more consistent with a hypothesis
wherein introgression is primarily determined by the reduced fitness of individuals possessing P.
amoena z-linked alleles in a P. cyanea genetic background. As more studies investigating
differential introgression of multiple sex-linked loci are completed, it may be found that
asymmetry is fairly common as it has now been documented in Passerina buntings (this study),
Mus (Payseur et al. 2004) and European rabbits (Oryctolagus cuniculus; Geraldes et al. 2006).
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Conclusions
In our analyses of the introgression of z-linked loci across the Passerina hybrid zone, we found
evidence of a severe reduction in introgression of one locus, highlighting the potential of the zchromosome as a source of genes involved in the maintenance of reproductive isolation. The
discovery of a candidate region for reproductive isolation contributes to a growing body of
literature on the role the sex-chromosomes play in speciation. While the majority of speciation
genetics research has been performed in Drosophila and Mus, two systems with XY sex
determination, our findings clearly demonstrate that the sex-chromosomes are likely to be very
important in speciation in systems with ZW sex determination as well.
Recent studies suggest that regions with reduced recombination rates may have a
relatively large influence on speciation (Noor et al. 2001; Rieseberg 2001). In general, the
centromeric regions of chromosomes have a lower recombination rate than telomeric regions
(Jensen-Seaman et al. 2004; Pombi et al. 2006), so it is perhaps not too surprising that studies are
finding that loci with reduced introgression are located near centromeres (e.g. Turner et al.
2005). In our study, the locus with the narrowest cline width (VLDLR9) is located near the
centromere, but other, closer loci (e.g. BRM15) do not show strong reductions in introgression.
Whether the patterns we found are part of a larger pattern in avian speciation genetics
remains to be seen, but our results suggest that many of the evolutionary forces shaping the
speciation genetics of model organisms may also be important in the formation and maintenance
of reproductive isolation between closely related bird species.

110

CHAPTER 6: CONCLUSIONS
A major focus of speciation genetics has been to use model organisms to identify genes
important in maintaining reproductive isolation. While the importance of such studies to the
understanding of speciation genetics is clear (Mallet 2006), studies of a limited number of model
organisms are unlikely to fully capture how speciation and hybridization proceed in natural
systems. In this dissertation I investigated the evolutionary history and hybridization of
Passerina buntings to better understand the formation and maintenance of reproductive isolation
in a natural environment.
The development of analytical methods for multiple-locus parameter estimation and the
relative ease of collecting large amounts of sequence data has allowed researchers to conduct
evermore sophisticated investigations of evolutionary history and speciation. However,
researchers with limited resources are concerned increasingly with how much data are required
to estimate the parameters of interest accurately. In Chapter 2, using simulated data, I assessed
how estimates of population genetic parameters improved with the addition of more sequence
data. This work showed that while increasing the number of loci sampled increased the precision
of the parameter estimates, the sequence length of the sampled loci was also important. When the
proportion of polymorphic sites in a population is low, population genetic parameter estimates
calculated using data from loci with short sequence lengths can be biased.
Interestingly, despite their traditional classification as sister species, a recent
mitochondrial DNA based phylogenetic hypothesis of the genus Passerina suggested differently.
In Chapter 3 I addressed the phylogenetic hypothesis of Klicka et al. (2001) using DNA
sequence data from ten nuclear loci, a sampling design that was influenced in part by the results
of Chapter 2. I found that P. cyanea and P. amoena are more closely related to each other than
either is to P. caerulea, the mtDNA sister of P. amoena. This chapter highlighted, using
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empirical data, the potential for the stochastic nature of lineage sorting to create incongruence
between gene trees and species trees. Beyond its impact on the phylogenetic relationships in
Passerina buntings, Chapter 3 also outlined an analytical approach to addressing evolutionary
relationships between closely related taxa.
In organisms, with ZW sex-determination, such as birds and butterflies, Haldane’s rule
predicts that introgression of autosomal loci across hybrid zones should be greater than
introgression of either mtDNA or sex-linked loci. In Chapter 4, I showed that data from multiple
mtDNA, autosomal and z-linked loci support those predictions. Average cline widths for zlinked and mtDNA markers were significantly narrower than for autosomal markers. Based on
these results and the theoretical expectations that the sex-chromosomes should be important in
speciation, Chapter 5 focused on characterizing patterns of introgression for eight additional zlinked loci.
Chapter 5 outlined differences in introgression patterns of the ten z-linked genes. A
strong reduction in cline width was observed for one locus in particular (VLDLR9), which
suggests that this locus may be a candidate for reproductive isolation between P. cyanea and P.
amoena. Interestingly, VLDLR9 is an intron in the very low density lipoprotein receptor
(VLDLR) gene in chickens, which is involved in a physiological pathway that, if perturbed, has
the potential to influence hybrid fitness. As outlined in Chapter 5, the data presented do not
support a causative link between this locus and hybrid fitness, but merely suggest an avenue of
further research.
This dissertation was motivated by my primary research interest, which is to understand
the processes important in generating biological diversity. Specifically, I am driven by the desire
to find genes important in maintaining reproductive isolation between closely related species of
birds, in general, and Passerina buntings, in particular. As more genomic tools are developed for
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passerine birds, I will be more readily able to identify candidate genes causing reproductive
isolation between P. cyanea and P. amoena by searching for coding regions near those z-linked
loci exhibiting the lowest rates of introgression (e.g VLDLR9).
More generally, the Passerina hybrid zone is only one of a cadre of hybrid zones whose
geographic location lies in the western Great Plains / eastern Rocky Mountain region of North
America (Remington 1968; Rising 1983a). This pattern suggests that large-scale historical
processes have greatly impacted many species and my research will help engender additional
research on the Great Plains / Rocky Mountain suture zone.
Hybrid zones offer exciting opportunities to study the genetic basis of reproductive
isolation and this dissertation represents the first detailed investigation of the introgression
patterns of mtDNA, autosomal and z-linked loci across an avian hybrid zone. The scope of this
dissertation provides a framework for future studies exploring the genetic basis of speciation in
birds.
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APPENDIX A: LIST OF SAMPLING LOCALITIES
Identification numbers and sampling localities for individuals used in this dissertation.
Species
Passerina
amoena

Tissue ID #

Sex

Locality

UWBM 59027

M

WA: Asotin Co.; Asotin, 23 mi S, 16 mi W; Grande Ronde River, 46.0 N, 117.37, 1500 ft.

4,5

P. amoena

UWBM 59033

F

WA: Asotin Co.; Asotin, 23 mi S, 16 mi W; Grande Ronde River, 46.0 N, 117.37, 1500 ft.

4,5

P. amoena

UWBM 59034

F

WA: Asotin Co.; Asotin, 23 mi S, 16 mi W; Grande Ronde River, 46.0 N, 117.37, 1500 ft.

4,5

P. amoena

UWBM 59046

M

WA: Asotin Co.; Asotin, 23 mi S, 16 mi W; Grande Ronde River, 46.0 N, 117.37, 1500 ft.

4,5

P. amoena

UWBM 59049

F

WA: Asotin Co.; Asotin, 23 mi S, 16 mi W; Grande Ronde River, 46.0 N, 117.37, 1500 ft.

4,5

P. amoena

UWBM 59051

M

WA: Asotin Co.; Asotin, 23 mi S, 16 mi W; Grande Ronde River, 46.0 N, 117.37, 1500 ft.

4,5

P. amoena

UWBM 59067

F

WA: Asotin Co.; Asotin, 23 mi S, 16 mi W; Grande Ronde River, 46.0 N, 117.37, 1500 ft.

4,5

P. amoena

UWBM 72956

M

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

UWBM 72958

M

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

UWBM 72983

F

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

UWBM 72994

M

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

UWBM 73017

M

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

UWBM 73072

F

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

UWBM 73073

F

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

UWBM 73079

F

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

UWBM 73085

M

WA: Chelan Co.; Entiat, 7 mi N, 4.5 mi W; Mud Creek

4,5

P. amoena

LSUMZ 4005

M

WA: Douglas Co.; Douglas Creek

P. amoena

UWBM 53289

M

WA: Ferry Co.; Republic, 7.5 mi S, 1.5 mi W; Rabbit Creek, 3500 ft.

4,5

P. amoena

UWBM 53333

M

WA: Ferry Co.; Republic, 7.5 mi S, 1.5 mi W; Rabbit Creek, 3500 ft.

4,5

P. amoena

UWBM 73016

M

WA: Grant Co.; Moses Lake, 4 mi S, 12 mi W; Winchester Wasteway, 47.0 N, 119.43 W

4,5

P. amoena

UWBM 73088

M

WA: Grant Co.; Moses Lake, 4 mi S, 12 mi W; Winchester Wasteway, 47.0 N, 119.43 W

4,5

P. amoena

UWBM 61616

M

WA: Kittitas Co.; Ellensburg, 1.5 mi N, 10 mi W; Robinson Canyon

4,5

P. amoena

UWBM 61818

M

WA: Kittitas Co.; Ellensburg, 1.5 mi N, 10 mi W; Robinson Canyon

4,5

P. amoena

UWBM 61820

F

WA: Kittitas Co.; Ellensburg, 1.5 mi N, 10 mi W; Robinson Canyon

4,5

P. amoena

UWBM 61823

F

WA: Kittitas Co.; Ellensburg, 1.5 mi N, 10 mi W; Robinson Canyon

4,5

P. amoena

UWBM 58571

F

WA: Okanogan Co.; Oroville, 2.5 mi S, 2.5 mi W Blue Lake, 1800 ft.

4,5

P. amoena

UWBM 59000

M

WA: Okanogan Co.; Oroville, 2.5 mi S, 2.5 mi W Blue Lake, 1800 ft.

4,5
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3,4,5

P. amoena

UWBM 62076

F

WA: Okanogan Co.; Loomis, 8.5 mi S, 2.5 mi W; Sinlahekin Wildlife Area, along Sinlahekin
Creek, 48.7 N, 119.7 W

4,5

P. amoena

UWBM 79160

?

WA: Okanogan Co.; Oroville, 2.5 mi S, 2.5 mi W Blue Lake, 1800 ft.

4,5

P. amoena

LSUMZ 48070

M

ID: Boise Co.; Dry Buck Creek, 5 km N Gardena

4,5

P. amoena

LSUMZ 48071

M

ID: Boise Co.; Dry Buck Creek, 5 km N Gardena

4,5

P. amoena

LSUMZ 48072

M

4,5

P. amoena

LSUMZ 47439

M

P. amoena

LSUMZ 47440

M

P. amoena

LSUMZ 48011

M

P. amoena

LSUMZ 48012

M

P. amoena

LSUMZ 43424

M

P. amoena

LSUMZ 43425

M

P. amoena

LSUMZ 43426

M

P. amoena

LSUMZ 43427

M

P. amoena

LSUMZ 48013

M

P. amoena

LSUMZ 48014

M

P. amoena

LSUMZ 48015

M

P. amoena

LSUMZ 48016

M

P. amoena

LSUMZ 48017

M

P. amoena

LSUMZ 48018

M

P. amoena

LSUMZ 47445

M

P. amoena

LSUMZ 47446

M

P. amoena

LSUMZ 47447

M

ID: Boise Co.; Dry Buck Creek, 5 km N Gardena
MT: Carbon Co.; Custer National Forest, Bear Canyon Road ca. 2 mi N Helt Road, 45.08 N,
108.5 W, 5400 ft.
MT: Carbon Co.; Custer National Forest, Bear Canyon Road ca. 2 mi N Helt Road, 45.08 N,
108.5 W, 5400 ft.
MT: Carbon Co.; Custer National Forest, Bear Canyon Road ca. 2 mi N Helt Road, 45.08 N,
108.5 W, 5400 ft.
MT: Carbon Co.; Custer National Forest, Bear Canyon Road ca. 2 mi N Helt Road, 45.08 N,
108.5 W, 5400 ft.
WY: Sheridan Co.; Amsden Creek Wildlife Management Area, Tongue River Road ca. 4 mi SW
Dayton, 44.83 N, 107.3 W
WY: Sheridan Co.; Amsden Creek Wildlife Management Area, Tongue River Road ca. 4 mi SW
Dayton, 44.83 N, 107.3 W
WY: Sheridan Co.; Amsden Creek Wildlife Management Area, Tongue River Road ca. 4 mi SW
Dayton, 44.83 N, 107.3 W
WY: Sheridan Co.; Amsden Creek Wildlife Management Area, Tongue River Road ca. 4 mi SW
Dayton, 44.83 N, 107.3 W
WY: Washakie Co.; Bighorn National Forest, Highway 16 ca. 9 mi NE Ten Sleep, 44.08 N, 107.3
W, 5760 ft.
WY: Washakie Co.; Bighorn National Forest, Highway 16 ca. 9 mi NE Ten Sleep, 44.08 N, 107.3
W, 5760 ft.
WY: Bighorn Co.; Bighorn National Forest, Highway 14 ca. 10 mi NE Shell, 44.57 N, 107.67 W,
5145 ft.
WY: Bighorn Co.; Bighorn National Forest, Highway 14 ca. 10 mi NE Shell, 44.57 N, 107.67 W,
5145 ft.
WY: Bighorn Co.; Bighorn National Forest, Highway 14 ca. 10 mi NE Shell, 44.57 N, 107.67 W,
5145 ft.
WY: Bighorn Co.; Bighorn National Forest, Highway 14 ca. 10 mi NE Shell, 44.57 N, 107.67 W,
5145 ft.
CO: Larimer Co.; Poudre River State Trust Land, Highway 14 ca. 6 mi W Poudre Park, 40.67 N,
105.23 W, 5440 ft.
CO: Larimer Co.; Poudre River State Trust Land, Highway 14 ca. 6 mi W Poudre Park, 40.67 N,
105.23 W, 5440 ft.
CO: Larimer Co.; Poudre River State Trust Land, Highway 14 ca. 6 mi W Poudre Park, 40.67 N,
105.23 W, 5440 ft.
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4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5

P. amoena

LSUMZ 47448

F

P. amoena

LSUMZ 47993

M

P. amoena

LSUMZ 47994

M

P. amoena

LSUMZ 47995

M

P. amoena

LSUMZ 47434

M

P. amoena

LSUMZ 47435

M

P. amoena

LSUMZ 47436

M

P. amoena

LSUMZ 47437

M

P. amoena

LSUMZ 47438

M

P. amoena

LSUMZ 47442

M

P. amoena

LSUMZ 47443

F

P. amoena

LSUMZ 47444

M

P. amoena

LSUMZ 38719

M

P. amoena

LSUMZ 38720

M

P. amoena

LSUMZ 38721

M

P. amoena

LSUMZ 38722

M

P. amoena

LSUMZ 47427

M

P. amoena

LSUMZ 47429

M

P. amoena

LSUMZ 47430

M

P. amoena

LSUMZ 47431

M

P. amoena

LSUMZ 47432

M

CO: Larimer Co.; Poudre River State Trust Land, Highway 14 ca. 6 mi W Poudre Park, 40.67 N,
105.23 W, 5440 ft.
CO: Larimer Co.; Roosevelt National Forest, Highway 14 ca. 8.5 mi W Poudre Park, 40.68 N,
105.43 W, 6595 ft.
CO: Larimer Co.; Roosevelt National Forest, Highway 14 ca. 8.5 mi W Poudre Park, 40.68 N,
105.43 W, 6595 ft.
CO: Larimer Co.; Roosevelt National Forest, Highway 14 ca. 8.5 mi W Poudre Park, 40.68 N,
105.43 W, 6595 ft.
MT: Powder River Co.; Custer National Forest, Beaver Creek Road ca. 5 mi N East Fork Otter
Creek Road, 45.68 N, 106.03 W, 3240 ft.
MT: Powder River Co.; Custer National Forest, Beaver Creek Road ca. 5 mi N East Fork Otter
Creek Road, 45.68 N, 106.03 W, 3240 ft.
MT: Powder River Co.; Custer National Forest, Beaver Creek Road ca. 5 mi N East Fork Otter
Creek Road, 45.68 N, 106.03 W, 3240 ft.
MT: Powder River Co.; Custer National Forest, Beaver Creek Road ca. 5 mi N East Fork Otter
Creek Road, 45.68 N, 106.03 W, 3240 ft.
MT: Powder River Co.; Custer National Forest, Beaver Creek Road ca. 5 mi N East Fork Otter
Creek Road, 45.68 N, 106.03 W, 3240 ft.
WY: Albany Co.; Medicine Bow National Forest, Forest Road 633 ca. 2 mi SE Forest Road 614,
42.38 N, 105.32 W, 5610 ft.
WY: Albany Co.; Medicine Bow National Forest, Forest Road 633 ca. 2 mi SE Forest Road 614,
42.38 N, 105.32 W, 5610 ft.
WY: Albany Co.; Medicine Bow National Forest, Forest Road 633 ca. 2 mi SE Forest Road 614,
42.38 N, 105.32 W, 5610 ft.
ND: Billings Co.; Little Missouri National Grassland, East River Road X Road 762, 46.77 N,
103.52 W, 2520 ft.
ND: Billings Co.; Little Missouri National Grassland, East River Road X Road 762, 46.77 N,
103.52 W, 2520 ft.
ND: Billings Co.; Little Missouri National Grassland, East River Road X Road 762, 46.77 N,
103.52 W, 2520 ft.
ND: Billings Co.; Little Missouri National Grassland, West River Road ca. 0.5 mi S I-94
ND: Billings Co.; Little Missouri National Grassland, East River Road ca. 14 mi S Medora, 46.77
N, 103.52 W, 2660 ft.
ND: Billings Co.; Little Missouri National Grassland, East River Road ca. 20 mi S Medora, 46.67
N, 103.48 W, 2480 ft.
ND: Billings Co.; Little Missouri National Grassland, East River Road ca. 20 mi S Medora, 46.67
N, 103.48 W, 2480 ft.
ND: Billings Co.; Little Missouri National Grassland, East River Road ca. 20 mi S Medora, 46.67
N, 103.48 W, 2480 ft.
ND: Billings Co.; Little Missouri National Grassland, East River Road ca. 20 mi S Medora, 46.67
N, 103.48 W, 2480 ft.
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4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5

P. amoena

LSUMZ 47422

M

P. amoena

LSUMZ 38723

M

P. amoena

LSUMZ 47428

M

P. amoena

LSUMZ 47433

M

P. amoena

LSUMZ 43432

M

P. amoena

LSUMZ 43433

M

P. amoena

LSUMZ 43434

M

P. amoena

LSUMZ 43435

M

P. amoena

LSUMZ 43436

M

P. amoena

LSUMZ 43437

M

P. amoena

LSUMZ 43438

M

P. amoena

LSUMZ 43439

M

P. amoena

LSUMZ 43440

M

P. amoena

LSUMZ 43441

F

ND: Golden Valley Co.; Little Missouri National Grassland, Road 726 ca. 0.5 mi N I-94, 46.57 N,
103.39 W, 2380 ft.
ND: Slope Co.; Little Missouri National Grassland, East River Road ca. 26 mi S Medora, 46.58
N, 103.45 W, 2580 ft.
ND: Slope Co.; Little Missouri National Grassland, East River Road ca. 26 mi S Medora, 46.58
N, 103.45 W, 2580 ft.
ND: Slope Co.; Little Missouri National Grassland, East River Road ca. 26 mi S Medora, 46.58
N, 103.45 W, 2580 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3120 ca. 2 mi SW Tufte Road, 45.83 N,
103.47 W, 3125 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3120 ca. 2 mi SW Tufte Road, 45.83 N,
103.47 W, 3125 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3120 ca. 2 mi SW Tufte Road, 45.83 N,
103.47 W, 3125 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3120 ca. 2 mi SW Tufte Road, 45.83 N,
103.47 W, 3125 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3120 ca. 2 mi SW Tufte Road, 45.83 N,
103.47 W, 3125 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3120 ca. 2 mi SW Tufte Road, 45.83 N,
103.47 W, 3125 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3120 ca. 2 mi SW Tufte Road, 45.83 N,
103.47 W, 3125 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3120 ca. 2 mi SW Tufte Road, 45.83 N,
103.47 W, 3125 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3124 ca. 1 mi N Highway 20, 45.53 N,
103.17 W, 3140 ft.
SD: Harding Co.; Custer National Forest, Forest Road 3124 ca. 1 mi N Highway 20, 45.53 N,
103.17 W, 3140 ft.

P. amoena

LSUMZ 46893

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena

LSUMZ 46894

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena

LSUMZ 46895

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena
P. amoena x P.
cyanea
P. amoena x P.
cyanea

LSUMZ 46896

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

LSUMZ 46897

F

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

LSUMZ 46898

F

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena

LSUMZ 43428

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. cyanea

LSUMZ 43429

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena

LSUMZ 43430

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5
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4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5

P. amoena

LSUMZ 43431

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena
P. amoena x P.
cyanea

LSUMZ 47996

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

LSUMZ 47997

F

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena

LSUMZ 47998

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena

LSUMZ 47999

M

WY: Crook Co.; Sand Creek Road ca. 0.5 mi S Beulah, 44.53 N, 104.08 W, 3680 ft.

4,5

P. amoena

LSUMZ 55132

M

NE: Sioux Co.; White River ca. 3 mi S Fort Robinson, 42.62 N, 103.53 W, 3970 ft.

4,5

P. amoena

LSUMZ 55133

M

NE: Sioux Co.; White River ca. 3 mi S Fort Robinson, 42.62 N, 103.53 W, 3970 ft.

4,5

P. amoena
P. amoena x P.
cyanea

LSUMZ 55134

M

NE: Sioux Co.; White River ca. 3 mi S Fort Robinson, 42.62 N, 103.53 W, 3970 ft.

4,5

LSUMZ 55135

F

NE: Sioux Co.; White River ca. 3 mi S Fort Robinson, 42.62 N, 103.53 W, 3970 ft.

4,5

P. amoena

LSUMZ 55136

M

NE: Sioux Co.; White River ca. 3 mi S Fort Robinson, 42.62 N, 103.53 W, 3970 ft.

4,5

P. amoena

LSUMZ 55137

M

NE: Sioux Co.; White River ca. 3 mi S Fort Robinson, 42.62 N, 103.53 W, 3970 ft.

4,5

P. amoena

LSUMZ 55138

M

NE: Sioux Co.; White River ca. 3 mi S Fort Robinson, 42.62 N, 103.53 W, 3970 ft.

4,5

P. cyanea

LSUMZ 55139

M

4,5

P. amoena

LSUMZ 43442

M

P. amoena
P. amoena x P.
cyanea

LSUMZ 43443

M

LSUMZ 48005

F

P. amoena
P. amoena x P.
cyanea

LSUMZ 48006

M

LSUMZ 48007

M

P. amoena

LSUMZ 55140

M

P. amoena

LSUMZ 55141

M

P. amoena
P. amoena x P.
cyanea

LSUMZ 55142

M

LSUMZ 55143

F

P. amoena

LSUMZ 55144

M

P. cyanea

LSUMZ 55145

M

NE: Sioux Co.; White River ca. 3 mi S Fort Robinson, 42.62 N, 103.53 W, 3970 ft.
SD: Custer Co.; Black Hills National Forest, Forest Road 277 ca. 2 mi S Highway 16, 43.72 N,
103.82 W, 5125 ft.
SD: Custer Co.; Black Hills National Forest, Hell Canyon Trailhead on Highway 16, 43.73 N,
103.83 W, 5190 ft.
SD: Custer Co.; Black Hills National Forest, Forest Road 277 ca. 2 mi S Highway 16, 43.72 N,
103.82 W, 5125 ft.
SD: Custer Co.; Black Hills National Forest, Forest Road 277 ca. 2 mi S Highway 16, 43.72 N,
103.82 W, 5125 ft.
SD: Custer Co.; Black Hills National Forest, Forest Road 277 ca. 2 mi S Highway 16, 43.72 N,
103.82 W, 5125 ft.
NE: Dawes Co.; Ponderosa State Wildlife Management Area, Squaw Creek Road ca. 6.5 mi SE
Crawford, 42.62 N, 103.32 W, 4030 ft.
NE: Dawes Co.; Ponderosa State Wildlife Management Area, Squaw Creek Road ca. 6.5 mi SE
Crawford, 42.62 N, 103.32 W, 4030 ft.
NE: Dawes Co.; Ponderosa State Wildlife Management Area, Squaw Creek Road ca. 6.5 mi SE
Crawford, 42.62 N, 103.32 W, 4030 ft.
NE: Dawes Co.; Ponderosa State Wildlife Management Area, Squaw Creek Road ca. 6.5 mi SE
Crawford, 42.62 N, 103.32 W, 4030 ft.
NE: Dawes Co.; Ponderosa State Wildlife Management Area, Squaw Creek Road ca. 6.5 mi SE
Crawford, 42.62 N, 103.32 W, 4030 ft.
NE: Dawes Co.; Ponderosa State Wildlife Management Area, Squaw Creek Road ca. 6.5 mi SE
Crawford, 42.62 N, 103.32 W, 4030 ft.

P. amoena

LSUMZ 55146

M

NE: Dawes Co.; Ponderosa State Wildlife Management Area, Squaw Creek Road ca. 6.5 mi SE

4,5
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4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5

Crawford, 42.62 N, 103.32 W, 4030 ft.
P. amoena

LSUMZ 48008

M

P. amoena
P. amoena x P.
cyanea

LSUMZ 48009

M

LSUMZ 48010

F

SD: Fall River Co.; Whitney Preserve, Highway 71 ca. 8 mi S Hot Springs, 43.33 N, 103.55 W,
3310 ft.
SD: Fall River Co.; Whitney Preserve, Highway 71 ca. 8 mi S Hot Springs, 43.33 N, 103.55 W,
3310 ft.
SD: Fall River Co.; Whitney Preserve, Highway 71 ca. 8 mi S Hot Springs, 43.33 N, 103.55 W,
3310 ft.

P. amoena

LSUMZ 55147

M

NE: Dawes Co.; Rujoden Ranch, Highway 385 ca. 6 mi S Chadron, 42.75 N, 103.0 W, 3550 ft.

4,5

P. amoena

LSUMZ 55148

M

4,5

P. amoena

LSUMZ 55149

M

P. amoena

LSUMZ 55150

M

P. amoena

LSUMZ 55151

M

P. cyanea

LSUMZ 55152

M

P. amoena

LSUMZ 55153

M

P. amoena

LSUMZ 55154

M

P. cyanea
P. amoena x P.
cyanea

LSUMZ 47418

M

LSUMZ 47419

F

P. amoena

LSUMZ 47420

M

P. amoena

LSUMZ 47421

M

NE: Dawes Co.; Rujoden Ranch, Highway 385 ca. 6 mi S Chadron, 42.75 N, 103.0 W, 3550 ft.
NE: Dawes Co.; Nebraska National Forest, Bordeaux Road ca. 5 mi S US-20, 42.75 N, 102.92 W,
3640 ft.
NE: Dawes Co.; Nebraska National Forest, Bordeaux Road ca. 5 mi S US-20, 42.75 N, 102.92 W,
3640 ft.
NE: Dawes Co.; Nebraska National Forest, Bordeaux Road ca. 5 mi S US-20, 42.75 N, 102.92 W,
3640 ft.
NE: Dawes Co.; Nebraska National Forest, Bordeaux Road ca. 5 mi S US-20, 42.75 N, 102.92 W,
3640 ft.
NE: Dawes Co.; Nebraska National Forest, Bordeaux Road ca. 5 mi S US-20, 42.75 N, 102.92 W,
3640 ft.
NE: Dawes Co.; Nebraska National Forest, Bordeaux Road ca. 5 mi S US-20, 42.75 N, 102.92 W,
3640 ft.
SD: Meade Co.; Fort Meade National Recreation Area, BLM Road ca. 0.7 mi N I-90, 44.23 N,
103.27 W, 3225 ft.
SD: Meade Co.; Fort Meade National Recreation Area, BLM Road ca. 0.7 mi N I-90, 44.23 N,
103.27 W, 3225 ft.
SD: Meade Co.; Fort Meade National Recreation Area, BLM Road ca. 0.7 mi N I-90, 44.23 N,
103.27 W, 3225 ft.
SD: Meade Co.; Fort Meade National Recreation Area, BLM Road ca. 0.7 mi N I-90, 44.23 N,
103.27 W, 3225 ft.

P. cyanea

LSUMZ 55155

M

NE: Cherry Co.; Niobrara River, Spur Road 16F ca. 9 mi S Nenzel, 42.8 N, 101.1 W, 2270 ft.

4,5

P. cyanea

LSUMZ 55156

M

NE: Cherry Co.; Niobrara River, Spur Road 16F ca. 9 mi S Nenzel, 42.8 N, 101.1 W, 2270 ft.

4,5

P. cyanea

LSUMZ 55157

M

NE: Cherry Co.; Niobrara River, Spur Road 16F ca. 9 mi S Nenzel, 42.8 N, 101.1 W, 2270 ft.

4,5

P. amoena

LSUMZ 55158

M

4,5

P. cyanea

LSUMZ 55159

M

P. cyanea

LSUMZ 55160

M

P. cyanea

LSUMZ 55161

M

NE: Cherry Co.; Niobrara River, Spur Road 16F ca. 9 mi S Nenzel, 42.8 N, 101.1 W, 2270 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
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4,5
4,5
4,5

4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5

4,5
4,5
4,5

P. cyanea

LSUMZ 55162

M

P. cyanea

LSUMZ 55163

M

P. cyanea

LSUMZ 48138

M

P. cyanea

LSUMZ 48139

M

P. cyanea

LSUMZ 48140

M

P. cyanea

LSUMZ 48141

M

P. cyanea

LSUMZ 48142

M

P. cyanea

LSUMZ 48143

M

P. cyanea

LSUMZ 48144

M

P. cyanea

LSUMZ 48145

M

P. cyanea

LSUMZ 48146

M

P. cyanea

LSUMZ 48147

M

P. cyanea

LSUMZ 48148

M

P. cyanea

LSUMZ 48149

M

P. cyanea

LSUMZ 48150

M

P. cyanea

LSUMZ 43444

M

P. cyanea

LSUMZ 43445

M

P. cyanea

LSUMZ 43446

M

P. cyanea

LSUMZ 55118

M

P. cyanea

LSUMZ 55119

M

NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
NE: Brown Co.; Niobrara Valley Preserve, Norden Road ca. 8 mi S Norden, 42.78 N, 100.02 W,
2200 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.

P. cyanea

LSUMZ 55120

F

SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
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4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5

W, 1450 ft.
P. cyanea

LSUMZ 55121

M

P. cyanea

LSUMZ 43471

M

P. cyanea

LSUMZ 55113

M

P. cyanea

LSUMZ 55114

M

P. cyanea

LSUMZ 55115

M

P. cyanea

LSUMZ 55116

M

P. cyanea

LSUMZ 55117

M

P. cyanea

LSUMZ 38718

M

P. cyanea

LSUMZ 47424

M

P. cyanea

LSUMZ 47425

M

P. cyanea

LSUMZ 47426

M

P. cyanea

LSUMZ 48151

M

P. cyanea

LSUMZ 48152

M

P. cyanea

LSUMZ 48153

M

P. cyanea

LSUMZ 48154

M

P. cyanea

LSUMZ 48155

M

P. cyanea

LSUMZ 48156

F

P. cyanea

LSUMZ 48157

M

P. cyanea

LSUMZ 43447

M

P. cyanea

LSUMZ 43448

M

SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
SD: Lyman Co.; Carpenter Game Production Area, White River ca. 7 mi S Oacoma, 43.7 N, 99.43
W, 1450 ft.
ND: Ransom Co.; Sheyenne National Grassland, Road 1217 ca. 3 mi E Road 53, 46.47 N, 97.33
W, 960 ft.
ND: Ransom Co.; Pigeon Point Preserve, 63rd St. SE ca. 2 mi W County Road 53, 46.5 N, 97.38
W, 1000 ft.
ND: Ransom Co.; Pigeon Point Preserve, 63rd St. SE ca. 2 mi W County Road 53, 46.5 N, 97.38
W, 1000 ft.
ND: Ransom Co.; Pigeon Point Preserve, 63rd St. SE ca. 2 mi W County Road 53, 46.5 N, 97.38
W, 1000 ft.
NE: Cedar Co.; Wiseman State Wildlife Management Area, Missouri River ca. 4 mi NE Wynot,
42.75 N, 97.12 W, 1750 ft.
NE: Cedar Co.; Wiseman State Wildlife Management Area, Missouri River ca. 4 mi NE Wynot,
42.75 N, 97.12 W, 1750 ft.
NE: Cedar Co.; Wiseman State Wildlife Management Area, Missouri River ca. 4 mi NE Wynot,
42.75 N, 97.12 W, 1750 ft.
NE: Cedar Co.; Wiseman State Wildlife Management Area, Missouri River ca. 4 mi NE Wynot,
42.75 N, 97.12 W, 1750 ft.
NE: Cedar Co.; Wiseman State Wildlife Management Area, Missouri River ca. 4 mi NE Wynot,
42.75 N, 97.12 W, 1750 ft.
NE: Cedar Co.; Wiseman State Wildlife Management Area, Missouri River ca. 4 mi NE Wynot,
42.75 N, 97.12 W, 1750 ft.
NE: Cedar Co.; Wiseman State Wildlife Management Area, Missouri River ca. 4 mi NE Wynot,
42.75 N, 97.12 W, 1750 ft.
SD: Clay Co.; Myron Grove Game Production Area, 454 Avenue ca. 6 mi S Highway 50, 42.77
N, 97.12 W, 1210 ft.
SD: Clay Co.; Myron Grove Game Production Area, 454 Avenue ca. 6 mi S Highway 50, 42.77
N, 97.12 W, 1210 ft.
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4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5

P. cyanea

LSUMZ 43449

M

P. cyanea

LSUMZ 43450

M

P. cyanea

LSUMZ 43451

M

P. cyanea

LSUMZ 43452

M

P. cyanea

LSUMZ 43453

M

P. cyanea

LSUMZ 43454

M

P. cyanea

LSUMZ 43456

M

P. cyanea

LSUMZ 43457

M

P. cyanea

LSUMZ 43458

M

P. cyanea

LSUMZ 43459

M

P. cyanea

LSUMZ 43460

M

P. cyanea

LSUMZ 43461

M

P. cyanea

LSUMZ 43462

M

P. cyanea

LSUMZ 43463

M

SD: Clay Co.; Myron Grove Game Production Area, 454 Avenue ca. 6 mi S Highway 50, 42.77
N, 97.12 W, 1210 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.
SD: Lincoln Co.; Stake Game Production Area, County Road 135 ca. 5 mi S Canton, 43.23 N,
96.57 W, 1280 ft.

P. cyanea

AEK450

M

MN: Chisago Co.

4,5

P. cyanea

AEK451

M

MN: Chisago Co.

4,5

P. cyanea

AWJ144

M

MN

4,5

P. cyanea

AWJ207

M

MN: Goodhue Co.

4,5

P. cyanea

BMHN42316

M

MN: Washington Co.

4,5

P. cyanea

X7663

M

MN: Washington Co.

4,5

P. cyanea

X8655

M

MN: Scott Co.

4,5

P. cyanea

X8662

M

MN: Scott Co.

4,5

P. cyanea

X8674

M

MN: Redwood Co.

4,5

P. cyanea

X8761

M

MN: Ramsey Co.

4,5
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4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5
4,5

P. cyanea

B-912

M

IL: McLean Co.; Hudson Twp. ca. 1.75 mi NW Hudson

4,5

P. cyanea

B-913

M

IL: McLean Co.; Hudson Twp. ca. 1.75 mi NW Hudson

4,5

P. cyanea

B-914

M

IL: McLean Co.; Bloomington

4,5

P. cyanea

B-915

F

IL: McLean Co.; Normal, Illinois State University Campus

4,5

P. cyanea

B-916

M

IL: McLean Co.; Bloomington

4,5

P. cyanea

B-917

M

IL: McLean Co.; ca. 4.5 mi NNW Bloomington

4,5

P. cyanea

B-918

M

IL: McLean Co.; Towanda

4,5

P. cyanea

B-919

F

IL: McLean Co.; Bloomington

4,5

P. cyanea

B-920

M

IL: McLean Co.; Bloomington

4,5

P. cyanea

B-921

M

IL: McLean Co.; Bloomington

4,5

P. cyanea

LSUMZ 20773

M

MI: Cass Co.; 0.5 mi W Niles

3,4,5

P. cyanea

T-154

F

MI: Cheboygan Co.; Onaway, Tower Road at Co. 68

4,5

P. cyanea

T-358

M

MI: Washtenaw Co., Ann Arbor, University of Michigan

4,5

P. cyanea

T-359

M

MI: Washtenaw Co., Ann Arbor, University of Michigan

4,5

P. cyanea

T-2764

M

MI: Washtenaw Co., Ann Arbor, University of Michigan

4,5

P. cyanea

T-2910

M

MI: Washtenaw Co., Ann Arbor, University of Michigan

4,5

P. cyanea

T-2096

M

4,5

P. cyanea

LSUMZ 51488

M

P. cyanea

LSUMZ 51489

M

P. cyanea

LSUMZ 36176

M

P. cyanea

LSUMZ 36177

F

MI: Washtenaw Co., Ann Arbor, University of Michigan
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Grant Par.; Kisatchie National Forest, Forest Road 3130 ca. 5 mi E US-165, 31.47 N, 92.37
W
LA: Grant Par.; Kisatchie National Forest, Forest Road 3130 ca. 5 mi E US-165, 31.47 N, 92.37
W

P. cyanea

LSUMZ 38717

M

LA: Grant Par.; Kisatchie National Forest, Forest Road 113A off PR 110, 31.57 N, 92.5 W

4

P. cyanea

LSUMZ 46280

M

LA: Grant Par.; Kisatchie National Forest ca. 6 km NNE Dry Prong, 31.63 N, 92.5 W

4

P. cyanea

LSUMZ 46281

M

LA: Grant Par.; Kisatchie National Forest ca. 6 km NNE Dry Prong, 31.63 N, 92.5 W

4

P. cyanea

LSUMZ 46799

M

LA: Grant Par.; Kisatchie National Forest ca. 6 km NNE Dry Prong, 31.63 N, 92.5 W

4

P. cyanea

LSUMZ 48000

M

LA: Grant Par.; Kisatchie National Forest ca. 6 km NNE Dry Prong, 31.63 N, 92.5 W

4

P. cyanea

LSUMZ 48001

M

LA: Grant Par.; Kisatchie National Forest ca. 6 km NNE Dry Prong, 31.63 N, 92.5 W

4

P. cyanea

LSUMZ 48002

M

LA: Grant Par.; Kisatchie National Forest ca. 6 km NNE Dry Prong, 31.63 N, 92.5 W

4

P. cyanea

LSUMZ 48003

M

LA: Grant Par.; Kisatchie National Forest ca. 6 km NNE Dry Prong, 31.63 N, 92.5 W

4

P. cyanea

LSUMZ 48004

M

LA: Grant Par.; Kisatchie National Forest ca. 6 km NNE Dry Prong, 31.63 N, 92.5 W

4
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4
4
4
4

P. cyanea

LSUMZ 20575

M

LA: Iberville Par.; 4 mi N St. Gabriel, 435 Pecan Drive

P. cyanea

LSUMZ 36913

M

4

P. cyanea

LSUMZ 38697

M

P. cyanea

LSUMZ 38698

M

P. cyanea

LSUMZ 38716

M

P. cyanea

LSUMZ 38762

M

P. cyanea

LSUMZ 38763

F

P. cyanea

LSUMZ 51339

M

P. cyanea

LSUMZ 51555

M

P. cyanea

LSUMZ 51556

M

P. cyanea

LSUMZ 51557

M

P. cyanea

LSUMZ 51558

F

P. cyanea

LSUMZ 51559

F

LA: Iberville Par.; 4 mi N St. Gabriel, 435 Pecan Drive
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W
LA: Rapides Par.; Kisatchie National Forest, Melder Road ca. 6 mi NW Glenmora, 31.02 N, 92.62
W

P. cyanea

LSUMZ 24769

M

CA: San Bernardino Co.; Hinkley, Harper Dry Lake SW edge, Most Ranch

4

P. cyanea

UWBM 79921

F

MO: Pulaski Co.; Fort Leonard Wood

4

P. cyanea

UWBM 74497

M

SC: Barnwell Co.; New Ellenton, 14 mi SE; Savannah River Site

4

P. cyanea

LSUMZ 29682

M

TX: Jeff Davis Co.; Highway 118 ca. 8 mi SSE Fort Davis in Musquiz Canyon

3

P. caerulea

LSUMZ 20598

LA: Cameron Par.

3

P. caerulea

LSUMZ 21812

TX: Jeff Davis Co.

3

P. rositae
Cyanocompsa
cyanoides

UWBM 69937

MEXICO: Chiapas, Monte Bonito

3

LSUMZ 12708

BOLIVIA: Santa Cruz Department, Velasco

3
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3,4

4
4
4
4
4
4
4
4
4
4
4
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Population Estimates of Genetic Diversity (θ). PLoS ONE 2(1): e160.
You can read about our Open Access license here:
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portion of my dissertation. If I need to contact someone else, please let me know. Thank you.
Matt Carling
Paper: Carling, MD and RT Brumfield. 2007. Gene sampling strategies for multi-locus
population estimates of genetic diversity (theta). PLoS ONE 2(1): e160
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APPENDIX C: PERMISSION FROM GENETICS

Dear Mr. Carling,
Thank you for the permission request—I am indeed the right person to contact! You may have
the permission of the Genetics Society of America to include in your PhD dissertation the paper
referenced below.
All copyright is retained by the Genetics Society of America.
Please let me know if I can be of further assistance.
Best,
Ruth Isaacson
On 3/10/08 8:18 AM, "Matt Carling" <mcarli1@lsu.edu> wrote:
Hi Ruth,
I am writing to request permission to include the paper referenced below as a chapter in my PhD
dissertation. If I need to contact someone else, please let me know. Thank you.
Matt Carling
MS ID#: GENETICS/2007/076422
MS TITLE: Integrating phylogenetic and population genetic analyses of multiple loci to test
species divergence hypotheses in Passerina buntings.
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